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1. INTRODUCTION

This report is a survey of work donme on the dynamic nature of the
near earth plasma forming the ionosphere at high latitudes, which for
the purpose of this study was taken to be poleward of about 45°
magnetic latitude. The work done largely concerned theoretical
studies of aspects of the dynamic nature of this plasma. However,
some comparisons were made with experimental observations from the Air
Force Satellite S3-2.

The two dominant dynamic effects of the ionospheric plasma at
high latitudes are the outflow of light ions from the near earth
ionosphere to the magnetosphere, and the convection motion of the
plasma as the result of the E x B force resulting from electric fields
which map into the ionosphere from the magnetosphere. Both effects
are thought to play role in the formation of a very characteristic
night time ionospheric feature known as the mid-latitude trough. This
feature is commonly observed by numerous techniques, but, as yet, a
fully satisfactory explanation of its formation is not available.
Besides the intrinsic scientific interest in this feature it is of
practical significance in that its characteristics are variable to
such an extent that its effect on radio propagation in high latitude
regions is unpredictable.

Most of the studies of light ion outflow made under this contract
were directed towards He+, an ion which is known to exist but has not
been widely studied with the respect to its outflow characteristics.
An important application of the results of these studies is related to
the use of He' in mapping the plasmasphere and in particular locating
the plasmapause. He* is the only ion at the distance plasmapause
which enables optical observation of this boundary to be made using
the phenomenon of resonant scattering. He' is a very useful ion for
this purpose since the resonant scattering wave length of 304 % is a
very strong solar emission line due to the abundance of He' in the

sun.

2. LIGHT ION OUTFLOW




2. g Out flow

Our studies of H' outflow made under this contract were limited to
improving our model program developed earlier to include a term
representing the phenomenon of diffusion-thermal conductivity in the
energy transport equation of the nt ions flowing out through an o*
background. The effect of including this term in the energy transport
equation was found to reduce the high altitude nt temperature of
3000-4000° K by about 600° K above altitudes of the order of 1000
kilometers. The diffusion-thermal effect therefore proved to be a
significant factor in determining the ' temperature profile. We feel
that the addition of this term was a significant improvement in our
computer model for the distribution of H' in and above the high
latitude ionosphere.

This work was published (Schunk et al., 1977) and a reprint is
appended to this report.

2.2 He+ Out flow

During the early part of the contract, we started work on the
development of a new program to model the outflow of He' from the
source region in the low ionosphere out to the magnetosphere. The
program was developed on the assumption that He was a minor ion, an
experimently observed fact.

The model solves the coupled He' continuity, momentum and energy
transport equations in a background ionosphere computed from our 8 -
0" model referred to earlier in section 2.1. For our first study we
used the neutral atmosphere of Jacchia (1964) modified by Walker
(1965). The source of He+ is photo ionization of He and the loss is
in reactions with molecular nitrogen.

A parametric study was made for a range of He' outflow velocities
and ionospheric electric fields perpendicular to the geomagnetic
field. Additionally the change in He density reflecting the so called

"winter bulge "

and changes in N2 density typical of those observed at
high latitudes during active periods were included in the study.

The general conclusions were that He® density profiles showed
similar general characteristics to those of H+ when the He' is flowing

away from the earth. However, the effect of perpendicular electric

fields on He+ is quite different from the effect on H" due to the




different source mechanisms for the He' ions. The velocity profiles
also differ considerably, He* increasing from near zero to its full
outflow velocity at much higher altitudes than . This results in a
much less Joule heating for the He' ions thereby resulting in much
lower He' temperatures at high altitudes. More details of this study
can be found in the published paper (Raitt et al., 1977) which is
appended to this report.

During our studies of He+ out flow described above, we were made
aware of some experimental observations by Hoffman (Private
communication, 1977) which showed substantial disagreement with the
absolute value of our escape fluxes. This prompted us to look into
improvements in the quantitative results of our He' outflow model.

We incorporated the latest MSIS model of the neutral atmosphere
(Hedin et al., 1977a, b), used more recent He+ photo ionization
cross sections (Stewart and Webb, 1963, Baker et al, 1961) and the
solar EUV fluxes measured on the atmospheric explorer satellites
(Hinteregger et al., 1978). Also, we allowed for solar zenith angle
changes from summer to winter hemispheres.

The incorporation of the new model atmosphere enabled realistic
account to be taken of summer/winter, solar cycle, and magnetic
activity effects. The effect of the parameters were studied and it
was found that the computed He' outward fluxes showed substantially
better agreement with the results of Hoffman (1978) and we feel that
these results represent the best theoretical basis for predicting the

+
He content of the plasmasphere.

3. HIGH LATITUDE PLASMA CONVECTION

3.1 Improvements to Multi-Ion F-Region Model

During the latter part of the contract, we have been working on
improving the multi-ion model derived earlier. This model computes

height profiles of 0*, 0 +, N0+, N2+ by solution of the coupled

continuity and momentum iransport equations for these ions in the
presence of perpendicular electric fields.

We first incorporated the MSIS model atmosphere, revised UV
fluxes and the most recently published chemical rate coefficients. In

e + o .
addition we have extended the code to compute N densities in response




. 2 + e
to recent observations of regions of enhanced N densities,

particularly in high latitude locations where the perpendicular
electric fields is found to be enhanced.

We were currently working on this program at the end of the

) . + + -
contract period to generate steady state profiles of 0 , 0, , NO°, N,

and NZ* densities for the range of solar cycle, season and magnetic
activity conditions encountered, and for a range of perpendicular
electric fields. We have a minor problem in the convergence of the N
solution at the upper boundary. A typical set of ion density profiles
computed from the improved multi-ion program is shown in figure 1, but
the N* density profile should not be considered as final. A paper
describing this work has been submitted to the Fall meeting of the
American Geophysical Union. It is anticipated that this work will be
continued under a new contract currently being negotiated.

3.2 Incorporation of Ionospheric Convection

The important ionospheric dynamic condition known as ionospheric
convection was referred to in the introductory section. During the
latter part of the contract period ground work was started to include
this in the multi-ion program.

Some work was done in surveying current models of the
equipotential over the polar cap which represent the convection
trajectories of the ionospheric plasma. The magnitude of the
convection velocity is determined by E x B and E can be determined
from the relation

E =V

where O is the electric potential. An example of a simple convection

pattern in which the co-rotation field has been added is shown in
figure 2.

At the termination of the contract we were at the position of
using E and the direction of E x B to follow packets of ionospheric
plasma through the convection pattern to start on the generation of a
comprehensive model of ionization over the polar cap. Again it is

hoped that this work will be continued under the new contract referred
to earlier.

4. EXPERIMENTAL OBSERVATIONS




4.1 Comparison of Electric Fields and Plasma Densities

During the course of the contract period we received data from

AFGL taken from the S$3-2 satellite from instruments measuring electric
field and electron densities. We selected a number of passes over the

’ Northern polar cap in different local time planes for magnetically
quiet and disturbed conditions. The data was received mainly in the
form of plots from AFGL examples of which for quiet and disturbed
noon/midnight variations of the perpendicular electric field along the
orbital track are shown in figure 3. 1In addition, some data was
received on magnetic tapes for further computer analyses.

The electric field plots and their associated drift velocity
plots show the characteristics of the plasma convection pattern in
common with other observations of these phenomena. However, it must
be remembered that these passages over the polar cap are not snapshots
and during the 30 minute period required to make a trans-polar section
of the orbit as shown in the plots in figure 3 there may have been

substantial changes in the perpendicular electric field.

One of our objectives was to relate these observations to
predictions of the effect of the perpendicular electric field and the
electron density published earlier (Schunk et al., 1975, 1976). This
was attempted for quiet and disturbed days in the noon/midnight local

time plane for the daytime sector of the passes. The results are !

shown in figure 4 where the measured perpendicular electric field is |
plotted against the measured electron density. It can be seen that {
the expected reduction of electron density with increasing
perpendicular electric field is not apparent. This is in
contradiction to the published theoretical studies of the steady state
electron density profiles as a function of the perpendicular electric
field.

We feel sure the reason for the discrepancy is that this a direct
consequence of not incorporating convection correctly in our models,
and not making due allowance for perpendicular electric field
components that are not in the east/ west direction. These latter
components result in north/south plasma drift with the consequent
transport of plasma in altitude due to induced velocity components

parallel to the geomagnetic field. It is experimental observations
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such as this and similar observations by other workers that lead us to

believe that it is important to pursue our convection studies outlined

in section 3.2.

4.2 H+ S3-2 Outflow Data

The S3-2 instrument designed to measure ion drifts provides a
useful monitor of the location of the region where substantial light
ion outflow occur. The mechanism by which the instrument detects this
is from the depth of the modulation of the ion current as the entrance
aperture of the instrument rotates in and out of the satellite wake as
the satellite spins in its orbit.

An example of the data is shown in figure 5. When H' is dominant
the modulation is small as shown in region A, but when 0% becomes
dominant there is very deep modulation as is shown in region B.
Unfortunately, in the center of region B the data is degraded by local
charging effects. However, the onset of H' outflow is not so
affected, and because of the rapid reduction of H density above 1000
kilometers as it changes from diffusive equilibrium to even slow
out flow there is a very rapid change in the H+/0+ compisition.

It is interesting to note that there is little change in electron
density at this point, this verifies the theorectical predictions from
Raitt et al.,(1977) which are shown in figure 6 where the change of
electron density and the 0+/H+ ratio is shown as a function of H+
out flow velocity at 1500 kilometers altitude for no perpendicular
electric field. It can be seen that 0' becomes the dominant ion at
out flow velocities greater than 1 km/sec, while the electron density
changes by less than a factor of 2 from zero n out flow velocity to 1
km/sec H' outflow velocity.

The relationship of this outflow start point to magnetospheric
processes is emphasized by the plot shown in figure 7 which shows the
variation of invariant latitude of this point with magnetic activity
for the group of orbits near the noon/midnight meridian which covered

both quiet and disturbed conditions in December, 1975.

5. CONCLUSIONS AND RECOMMENDATIONS

The problems of our understanding and predicting the dynamic

characteristics of the high latitude ionosphere are of continuing
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interest both from understanding the coupling between the

magnetosphere and ionosphere and from practical aspects related to
high frequency radio communication.

The degree of scientific interest can be judged by the attendance
at sessions involving this topic at scientific conferences which the
P.I. has attended including the presentation of a review on '"Positive
Ion Changes in the Thermasphere During Magnetic Storms'" which the PI
presented at the IAGA Meeting in Seattle in August, 1977, a copy of
the transcript of which is appended to this report.

Theoretical studies and experimental studies have shown
sufficient divergence to convince us that there is still much to learn
about the effect of magnetospheric convection from the high latitude
ionosphere, and we strongly recommend continuing support of both
theoretical models and experimental observations of this problem.

It is not possible to come to any general conclusions in a topic
as broad as is the subject of the contract, particularly as only
segments of the whole problem can be studied. However, it is hoped
that the material published, the review transcript and the content of

this report provide a few more pieces in the complex puzzle of the

dynamics of the high latitude ionosphere.
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FIGURE CAPTIONS

Figure 1
s : 3 + +
Ion composition profiles for the ions 0+, 02+, NO+, N, N2 and
He+, the He+ profiles were computed independently.

Figure 2

Convection trajectories of thermal plasma over the polar cap in
one inertial frame of reference. The four panels show the effect of a

12° dipole offset at 6, 12, 18, and 24 hours local magnetic time.

Figure 3

Plots of perpendicular electric fields measured by the §3-2

satellite (courtesy of AFGL, Electrical processes branch).

Figure 4

Plots of S3-2 measurements of perpendicular electric field and

electron density for a quiet day (orbit 188) and a disturbed day
(orbit 310).

Figure 5

Plots of the S3-2 ion density probe showing the transition from an
H' dominant ionosphere (Region A) to an o* dominant ionosphere (Region
B).
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Figure 6

+, + e ; :
0 /H composition ration and electron density plotted as a

function of n* out flow velocity.

Figure 7

. . + . F
Variation of equatorward boundary of H outflow with magnetic

activity in the noon and midnight local time zones.
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Paper #1 Session SIII lc IAGA/IAMAP Assembly - Seattle, 1977

POSITIVE ION CHANGES IN THE THERMDSPHERE DURING MAGNETIC STORMS

W. J. Raitt, Aeronamy Center, Utah State University, Logan, Utah 84 322

The word ionosphere was coined to describe the ionised region above the
earth as early as 1929 in the literature by Watson-Watt. However, all measure-
ments related to this region were an the electron camponent of the plasma
until the early 1960's when vehicles to carry in-situ measuring devices into
the ionosphere became more generally available.

In this talk I am taking same license in the limits of the thermosphere,
and will encroach a little into the exosphere to give myself the excuse to
say samething about changes in the relative camposition between light and
heavy ions during magnetic disturbances which are most pronounced above
about 800 km.

Why Study Ion Campositian?

Before launching into a description of theoretical predictiaons and

experimental observations related to thermospheric ion composition changes
due to magnetic stomms, it is perhaps useful to list same reasons why it is
important to study the ion composition of the ionosphere; after all, as far
as most practical uses of the ianosphere as an aid to radio commnication are
concerned, it is the total electron density of the plasma which is the
important factor.

I think that there are a number of reasons why it is important to
understand the positive ion camposition of the ianosphere and changes
occuring during periods of magnetic disturbance: these points are summarised
in the first slide.

1. It increases our knowledge of the earth's environment and provides
experimental tests to check our understanding of the physics of the unbounded
ionospheric plasma.

2. The ion mass is an important parameter in controlling the scale height

of the plasma above the F, peak. It is therefore important in considerations

=20~




of, for example, wave propagatian through the icnosphere involving the total
electron content along a path.

3. The propagation characteristics of certain wave modes in the plasma -
ion acoustic, ion cyclotron, plasma acoustic - is strongly influenced by the
ion mass through such fundamental parameters as the ion plasma frequency
“i and the ion cyclotron frequency “ci. Closely associated with these wave
modes are the generation of instabilities in the thermal ion plasma by the
presence of hot plasma or by the E x B drift of the thermal plasma itself.

The existence of such instabilities affects the current systems flowing in
the plasma, and can lead to the generation of anomalous resistivity and electric
fields parallel to the magnetic field.

4. The topside ion composition is a fairly sensitive indicator of ion
temperature gradients, that is an inflow of heat in the ion gas fram further
out along the magnetic field line. For example, a gradient of O.SOK/km.
results in an order of magnitude change in the O+/H+ ratio at 400 km.
altitude (campared to T_ = 1200°K with no gradient).

5. Ion camposition measurements in the ianosphere can be used in
conjunction with other measured plasma parameters to test ion chemistry rate
coefficients in the unbounded ionospheric plasma for comparison with ground
based measurements.

What Causes Changes in Ion Compositian During a Magnetic Disturbance?

I have illustrated the main mechanisms and their effects on the second slide,
referring the causes back to their origin in the solar wind.

When the solar wind interacts with the geamagnetic field it causes two
major effects, an electric field is set up by the plasma flowing in the presence
of the magnetic field, and this electric field sets up currents which distort

the geamagnetic field into the well known magnetospheric configuration. Within
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this field configuration particles are stored and energised.

In relation to ionospheric ian campositian, the main effects of the cross-
tail electric field are i) to cause erosion of plasma at the plasmapause in the
equatorial plane and ii) to map down to ionospheric altitudes at high latitudes.
The main effect of particle storage in relation to the subject of this talk is
the precipitation of large fluxes of energetic particles into the atmosphere
fram time to time, again at high latitudes.

The three facets of the magnetosphere referred to earlier show marked
changes during magnetic disturbances, particularly during the short lived
phenamenon known as the substorm. Both electric fields and particle precipita-
tion increase during the substomm resulting in the three major effects shown
in the lowest boxes on the diagram.

The reduction in pressure at the equatorial plasmapause - that is a
movement of the plasmapause causes increased outflow of light ions to move
to lower latitudes. The mapped perpendicular electric fields cause heating
of the ions by friction with the neutral gas resulting in altered chemical
processes and diffusion effects. The precipitating particles mainly cause
neutral gas heating through ionisation processes occuring at around 100 km.,
that is below the altitude range being considered. The neutral heating results
in neutral camposition changes and wind systems being set up.

In fact the processes are not distinct, they interact, the main channels
of interaction being from the electric field heating which on the one hand
effects the production of light ions, and on the other hand is an additional,
important heat source for the neutral gas.

The diagram is not intended to be comprehensive, but, in the interests
of simplicity, to represent the major processes. One magnetospheric storm

effect which is not shown is the SAR-arc which is related to magnetospheric
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particle storage in the ring current and the conduction of heat in the electron
fluid down to ianospheric altitudes.
In view of the extensive influence of the perpendicular electric field on
the ionospheric ion cawposition we will first consider this topic.
Effect of Perpendicular Electric Fields on Ion Camposition

1. Theoretical Studies:

We should first define what we mean by perpendicular electric fields. The
perpendicular is, of course, defined relative to the geamagnetic field. As a
cansequence of this electric field the ionospheric plasma acquires a drift
velocity relative to the neutral gas (assumed stationary) of

e
As a result of collisions between the drifting positive ions and the neutral gas
there is frictional heating resulting in an increased ion temperature for 6"
drifting through O given by (Schunk et. al., 1975): -
Py oo oA 10,3808 2
in altitude regions where Yy Vi 2, << i

Within the thermosphere o is nomally the dominant positive ion and O, O2
and N2 the dominant neutral species. The important ion reactions daminating the

lower themosphere are summarised on the third slide.

k

o8 + N, o1 W 4N ——— 1
k

+ 2 +

(0] R 02 + 0 ———-—m 2,
k

- gl S S SR U Y S R )

Reaction 3. is influenced largely by T,

i, = 46x107 32)08  ais & punn, 1970)
e
but Te is not greatly affected by E, , hence the dominating effect of E, lies
in the reactions 1. and 2.
Until the early 1970's it had been thought that kl and k2 remained constant
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or even decreased with increasing ion temperatures in the range 600~2,000°K.
A nurber of laboratory measurements (McFarland et. al., 1973, 1974; Johnsen
& Biondi, 1973; Rutherford & Vroom, 1971) showed that in fact the rate
coefficients k; and k, increased very rapidly with ion temperature after
reaching a minimm around 750k for k; and 1800°K for k,.

The net result of this, as can be seen fraom equatiaons 1. and 2., is to
greatly increase the loss rate for 0+ ions as Teff increases by, for instance,
the effect of E,.

One further point which must be addressed is the decay distance of o from
reaction 1., which is the more important, after the plasma encounters E,. This
is relevant because of the limited extent of electric fields in auroral
regions. _Slide 4 shows the decay distance of o' as a function of E, and
altitude. It can be seen that typical distances are less than 1000 km. which
is generally small conpared with the scale size of the major electric field
structure in the auroral zone.

Schunk et. al. (1975) applied these consideratians to a study of thermo-
spheric ion camposition for the case of a sunlit icnosphere and for E, in
a North-South directian. That is resulting in an East-West plasma drift. The
coupled ion transport equaticns for 0', NO' and O," were solved for steady state
solutions using neutral gas densities for O,, N, and O for 1000°K based on the
atmospheric model of Jacchia (1964) modified by Walker (1965).

Slide 5 shows a typical ionospheric model for E; = O and Slide 6 for
E, = 100mV/m.  The increased importance of NO' to higher altitudes can be
seen for E; = 100W/m with the transition height moving fram 220 km. to 320 km.
The increased scale heights can be seen, and the structure of the Ne profile has
changed from a normal F, peak at 300 km. in the absence of E, to an F-region
peak at around 180 km. for E, = 100 mV/m.

At the time of performing the calculations we tentatively increased E, to
~24~
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200mV/m since at that time fields of that magnitude had not been reported
to any extent. However, since then electric fields of this magnitude or I
greater have been measured more frequently.

The seventh slide shows the dramatic effect of a 200mV/m electric field on the

model where N0+ is dominant up to 600 km. and presumably higher.
The increase in N0+ oconcentration and decrease in O+ oconcentration caused

by E, are sumarised in Slides 8 and 9. The effect on N, is less pronounced because

the electric field changes one ion species for another, but there is an overall
decrease in electron density because of the greater loss rate of NO+ compared
to O'. The change in Ne is sumarised in Slide 10.

Thus we can see that the general result of electric field effects on the
thermospheric ion composition is to deplete o' and enhance NO+.

The results presented so far have been for the more straightforward case

of constant photo-ionisation and steady state conditions. Schunk et. al.
(1976) extended the study to the night-time ionosphere allowing for changes

in photo-ionisation and changes in E which might be encountered as the plasma
drifts in the typical 2-cell convectian structure over the polar caps.

In this study it was found that perturbation to the camposition as the
plasma co-rotated into a region of significant E L when photo-ionisation was
absent produced a rapid change in camposition while EJ_ existed, but the nommal
decay of ionisation soon caused the ion camposition to revert to its unperturbed
profiles within about cne hour of leaving the region of E .L

This is illustrated in Slide 11, where the Not density profiles for various
times fram t = O when photo ionisation is stopped are plotted. The No' density
increases at t = 2 hrs. when a meridianal E;_ of 10Gmv/m is applied for 15 mins.
However, by t = 2.5 hrs. the No' dens ity is not greatly different from the |
pre—electric field profile, and by t = 4 and t = 6 hrs. the profiles are i

nearly identical with those camputed without any electric field.
a5




T e e e

In the nightime study the effects of zonal electric fields were also
considered. These E-W fields result in N-S plasma flow causing induced plasma
flow parallel to the magnetic field provided the dip angle is not 90°. In
general, however the overiding effect of O+ depletion and NO+ enhancement
predaminates, but the shape of the profiles differs with an E-W field campared
to a N-S field due to the effect of plasma being driven up or down the magnetic

field lines.

Effect of Neutral Gas Heating

One of the major effects of heat transfer fram magnetospheric processes to
the neutral gas is to cause the O/N2 ratio to decrease. It tums out that at
thermospheric altitudes the N2 density shows a large increase while O changes
rather little in response to magnetospheric storms. The reasons for this have
recently been discussed by Jacchia et. al. (1977) in temms of a change in
exospheric temperature and a change in the height of the hamopause (the level
below which turbulent mixing results in a uniform atmospheric composition for

the major constituents * 95 km.).

Reference to the dominating thermospheric chemical equations shows that
an increase in N, concentration is equivalent to an increase in the rate
coefficient k; and thus this is a process by which o' can be depleted and
NO' enhanced in response to magnetospheric energy input at high latitudes.

A further mechanism for increasing the reaction rate k; is to increase
the vibrational temperature of the N, molecules. The result is equivalent to
increasing the effective temperature by frictional heating resulting .f'ran E).

During magnetospheric disturbances we expect the population of Nz* to
increase in two areas. In the region of precipitating magnetospheric
particles, inelastic non-ionizing collisions can increase Nz* , this cambined
with overall neutral gas temperature increase can result in a neutral wind

carrying the vibrationally excited N, away from the region of precipitation.
-26-
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Schunk and Banks (1975) have discussed the depletion of Of by this process as
a contributing factor to the formation of the nightside mid-latitude trough
equatorward of the auroral oval. In these circumstances, one would expect

to observe enhanced No* concentrations even in the absence of a perpendicular
electric field.

Another mechanism for vibrationally exciting N, molecules is oollisions
with the high energy tail of a thermal electron population. The effective
vibrational temperature of N, due to a given T, has been studied by Newton
et. al. (1974). It is an experimentally abserved fact (Norton & Findlay, 1969;
Roble et. al., 1971; Raitt, 1974) that within SAR arcs Te can be enhanced fram
its normal 2000-3000°K to 5000-6000°K. This is sufficient to generate signi-
ficant numbers of Nz* molecules and so affect the relative camposition of o'
and NO+. This was studied using the triple ion (O+, 02+, N0+) model by Raitt
et. al. (1975) using typical Tg profiles expected in an SAR arc. We showed
that both during the day and the night the enhanced Nz* concentration resulted
in increased NO' and increased O'/NO' transition altitudes as shown in Slide 12.
While the conversion of O' to NO' resulted in a reduction in Ne, the electron
density depletion was not as great as had been predicted by considering only
the loss of 0.

Experimental Observations

There have not been a great many cbservations of ion camposition changes
during magnetic stomms; of those reported the majority have been specific case
studies of a pass or a group of passes over the polar cap.

The reasons for the scarcity of the observations are not too surprising.
In general, high latitude ion composition measurements must be made by in-situ
probes carried on Satellites.' The experimenters must then rely on the
satellite being in the right place at the right time. This can be difficult
since the typical duration of a substomm is &~ 30 mins. while a typical

)
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satellite orbital period is = 90 mins. This fact emphasises the need for missions
having multiple satellites spaced around the same orbital track. In contrast to
the few direct observations of stom time disturbances to the ion camposition,
there are many more ground based cbservations during storms which in general

measure only the electron density at the latitudes of interest. We have 3

already seen that for the effects considered so far the electron density does
not show such a strong dependence on magnetic storms as does the ion camwposition. 1
The cbservations which have been published are in qualitative agreement |
with the theoretical studies discussed earlier. HKcffman et. al. (1974) presented
ISIS-2 measurements taken at 1400 km. showing NO' densities ~ 103 an 3 with O'
~ 10“an3? during the severe magnetic storm of August, 1972. Such a low O'/NO'
ratio at 1400 km. could well result from the conversion of O' to NO' by the
processes discussed earlier. Taylor et. al. (1975) identified regions of
enhanced N0+ caoncentration fram 030-6 measurements near 1000 km. on the pole-
ward side of the light ion trough. These enhanced N0+ regions were well
correlated with decreases in the O' concentration. On another set of 0OGO-6
passes Taylor et. al. (1975) found that the enhanced NO' concentration alse
coincided with increased broadband noise, an indication, perhaps, of the
importance of the effect of ion camposition on wave/particle instabilities in
the ionosphere.
Brintan (1975) has published a direct observation of enhanced N’ con-

centration associated with increased Eiby utilising data from in-situ probes
an the AE-C spacecraft. The data is shown in Slide 13 on which can be seen
clear evidence of the enhanced NO' with enhanced plasma drift velocity.

The published data still leave a number of questions unanswered, since
not. all of the relevant parameters have yet been presented together. Thus
we need to see NO' ’ 0+, N, O densities,T, and soft particle fluxes simul-
tanecusly to try to judge the interplay between the three processes acting to

-28-
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change the ion camposition which have been discussed previously.

Effect of Erosion of Plasma in Equatorial Plane

The concept of the polar wind or outflow parallel to the geomagnetic field
of light ions, that is H' and He+, fraom the ionosphere has been accepted for a
nunber of years, and nore recently direct H' bulk velocity measurements have
established the existence of H' outflow at high latitudes.

It is well known that the transition from diffusive equilibrium for H'
to dynamic equilibrium with Ht flowing outwards causes a reduction in H' concen-
tration at a given altitude starting from as low as about 700 km. The changes
in the H' outflow as a result of magnetic stomms is therefore a factor
determining the ion composition at the upper boundary of the themmosphere,
leading to O' being the dominant ion to high altitudes.

I wish to conclude this talk by describing saome of the more recent work
on the changes in H' outflow which might be expected during magnetic storms,
and just briefly refer to some very recent studies on He' outflow which have
just been submitted for publication.

oOne of the effects of an increase in the cross tail magnetospheric
electric field discussed by Chappell and others is to erode the plasma from
the equatorial plasmapause; that is to shrink the plasmasphere. When this
occurs we expect that the pressure gradient between i at ionospheric altitudes
along the magnetic field line to the equatorial plane will result in greatly
increased outflow velocity as shown in Slide 14, where we see the effect on
the outflow velocity of changes in H' density at 3000 km. which is related to
its density at the equatorial plane. This change in outflow velocity has direct
repercussion on the H density down to quite low altitude as can be seen in
the next Slide 15. Both of these slides are taken fram a paper by myself,
Schunk and Banks in which the coupled continuity, mamentum and energy equations

for the ut ions were solved self-consistently for subsonic and supersonic H

outflow. -




In a later study we also tock into consideration the effect of perpendicular

electric fields on the H' outflow in a way in which we allowed for ion heating
and the associated changes in the scale heights and diffusion coefficients. We
did not allow for the increased reaction rate in the 0' + N, + NO' + N reaction
consistently, but made provision for depleted ot by running the model with a
range of O' F, peak densities.

Slide 16 shows the effect on H' density for a fixed outflow velocity as
Ei varies from O to 100mV/m. The increase in H' cancentration being due to
reduced diffusion velocity caused by the increased amount of O' when it is
hotter and has a larger scale height for the higher E; casés. We have, however,
seen that for an E, of 100mV/m the Ot concentration is reduced by about a factor
of 10. Taking this into consideration the results in the H' flux being reduced
by about a factor of 2 and, since the flow is flux limited, the conoentrai-.ion
for a given outflow velocity is also halved.

Thus under magnetic storm conditions we expect two effects to reduce the
H' density. Firstly the reduction in pressure at the equatorial plane will
result in increased H' outflow and secondly the ionospheric Ei increase will
deplete ot and thereby deplete the source of H' from the change exchange
reaction H' + 0 2 H + 0.

Recent calculations of the outflow of He' within a background ionosphere
of 0 and outflowing H' have shown that E, affects the He' density mainly
through ion heating and scale height changes resulting in reduced I-b,+ concen-
tration in the thermosphere with increased E, and increased concentration at
higher altitudes for a given He™ outflow velocity. This is illustrated in
Slide 17.

Changes in O' density mainly effect the He' diffusion coefficient, and
a factor of ten reduction in 0+ oconcentration resulted in the }b+ ions
becaming more strongly outflowing with a consequent reduction in ﬂa+ concen-
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tration as shown in Slide 18.
The final storm effect we studied for He' ions was to increase N, selectively

as has been observed by a number of experimenters. The surprising result was

that although the main loss process for the He' in the thermosphere is the

reaction Ht + N, + N,* + He the effect of increasing the N, temperature alone

to 1500°%K resulting in a factor of 50 increase in the N, concentration at 600 km.

was to reduce the He' escape flux by a factor of only 1.5. Study of the balance:

of the H' continuity equation showed this to be due to the density being

determined mainly be production and diffusion at altitudes where the N,

concentration showed the greatest increases in density.

Conclusions.
In summary I would like to propose that the topic of this talk is a fruitful

subject of study and urge that more data be collected and presented on all of

the factors involved in the variation of ion camposition during magnetic disturbances

to enable theoretical models to be tested. If the models are found to be wanting

in camparison to the observations, then the experimental data will enable the

' boundary values to be adjusted to improve attempts to match theory and observation.
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Brinton: In Situ Measurements of Plasma Drift
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Figure 3. Simultancous Bennett spectrometer measurements of NO* concentration and plasma drift velocity. The data were ob-
tained during a perigee pass at high southemn latitudes on October 22, 1974.
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RESEARCH NOTES

EFFECT OF DIFFUSION-THERMAL PROCESSES ON THE
HIGH-LATITUDE TOPSIDE 10NOSPHERE

(Received in final form 8 August 1977)

Abstract—We have studied the extent to which diffusion-thermal heat flow affects H' temperatures in
the high-latitude topside 1onosphere. Such a heat flow occurs whenever there are H'-O" relative
drifts. From our study we have found that at high-latitudes, where H* flows up and out of the topside
ionosphere, diffusion-thermal heat flow acts to reduce H' temperatures by 500-600 K at altitudes

above about 900 km.

Recently, Schunk (1975) has presented a general system
of transport equations for the Earth’s upper atmosphere
and ionosphere. This system of equations, which was
derived using Grad's formulation (Grad, 1949, 1958) and
Burgers (1969) collision terms, has the advantage over
previous systems in that the separate species are allowed
to have separate flow velocities and separate tempera-
tures. In a subsequent paper, St.-Maurice and Schunk
(1977) applied this general system of transport equations
to the mid-latitude topside ionosphere. From their study a
number of new transport cffects have emerged. In par-
ticular, these authors found that for a gas composed of
two major ions and electrons: (1) a temperature gradient
in either of the major ion gases causes thermal diffusion in
both gases; (2) a temperature gradient in either of the
major ion gases causes heat to flow in both gases; and (3)
a relative drift between the major ion gases induces a heat
flow in both gases (diffusion-thermal effect).

With regard to the diffusion-thermal effect, St.-Maurice
and Schunk (1977) pointed out three regions of the
terrestrial ionosphere where this effect is potentially im-
portant. These regions are: (1) at midlatitudes, the transi-
tion region between the [--region and the protondsphere,
where Vickery et al. (1976) measured geomagnetic field-
aligned H'-O" relative drifts as large as 80 m/s; (2) the
nocturnal equatoriai 1onosphere, where model studies by
Bailey et al. (1973) indicated that geomagnetic field-
aligned H'-O" relative drifts of up to 300 m/s are possi-
ble due to the asymmetry between the summer and winter
hemispheres; and (3) the high-tatitude topside ionos-
phere, where H' flows through O at speeds up to several
km/s

Nagy et al. (1977) have studied the possible importance
of diffusion-thermal processes in the mid-latitude 1onos-
phere in the region between the F-region and the pro-
tonosphere, and these authors found that diffusion-
thermal processes have a negligibly small effect on the
thermal structure. This lack of importance of diffusion-
thermal processes in this region of the i1onosphere is
primarily due to the efficient energy coupling between the
1on, electron and neutral gases.

Bailey and Moffett (1977) have studied the possible
importance of diffusion-thermal processes in the noctur-
nal equatorial ionosphere, and they conclude that
diffusion-thermal effects should be considered for precise
calculations of ion temperatures. For a dipole magnetic
field line that crosses the equatorial plane at approxi-

mately 800 km and for a local time of 2200, these authors
found that diffusion-thermal effects act to decrease the
H* and O" temperatures by S0 and 30 K, respectively.
Larger temperature decreases are expected on field lines
with higher equatorial crossing points.

The purpose of this note is to study the extent to which
diffusion-thermal processes affect H* temperatures in the
high-latitude topside ionosphere. Initially it was thought
that the “low-speed” heat flow equations derived by
St.-Maurice and Schunk (1977) would not be applicable
to the high-latitude topside ionosphere, since this region
is characterized by large H* Mach numbers. However,
our study indicates that at the altitude region where
diffusion—thermal processes are important the H' Mach
number is sufficiently low to justify the use of these heat
flow equations.

As noted by St.-Maurice and Schunk (1977), the
diffusion-thermal effect is greatest when H* is a minor
ion. Since this is generally the case in the high-latitude
topside ionosphere at the altitudes where diffusion-
thermal effects are important, we restrict our discussion to
this limit. For H' minor, the H* heat flow along the
geomagnetic field takes the form (St.-Maurice and
Schunk, 1977)

qH')=-AH")VT(H')+8(H",O0")[UH"*)-UO")].
(1)

where q(H'), T(H') and U(H') are the H' heat flow
vector, temperature, and drift velocity, respectively, and
U(O") is the O drift velocity. The quantities A(H*) and
8(H',0") are thermal and diffusion-thermal conduc-
tivities, respectively.

For an H*-O" mixture with H* minor,

S(H'.0")=1.13p(H"), )

where p(H')= n(H")kT(H") is the H' parual pressure,
n{H") is the H' number density, and k is Boltzmann’s
constant. In equation (2), 8(H', O") has units of pressure.

In deriving equation (1), we have ignored the negligibly
small amount of H* heat flow induced by an O* tempera-
ture gradient (cf. St.-Maurice and Schunk, 1977). If we
further ignore the small contribution of O* to the H*-O"*
relative drift, equation (1) reduces to

q(H')=-A(H')VT(H*)+ 1.13p(H)UH"). (3)

where we have used equation (2) to eliminate §(H*, O*).
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As far as the H* thermal structure is concerned, it is
the divergence of q(H') that is important. Assuming a
vertical magnetic field and neglecting gradients of density
and temperature perpendicular to geomagnetic field lines,
V -q(H") can be expressed in the form

] dT(H'
vqmq=—£ uwrj%l

% 1.13kT(H’);§[n(H’)U(H' I

dT(H")

+1.13n(H")UH ’k__EJS-' (4)

where S is the vertical coordinate. The first term in
equation (4) is the term generally considered in studies of
H* thermal structure, while the two additional terms are
due to the inclusion of diffusion-thermal effects. When
expressed in this form, the diffusion~thermal process adds
a term proportional to advection and another propor-
tional to the divergence of the H* flux.

With regard to O* heat flow, we note that an H'
temperature gradient induces a negligibly small amount of
O* heat flow when H* is a minor ion (cf. St.-Maurice and
Schunk, 1977). At the altitudes where H" is major (typi-
cally above 2000 km), thermal conduction dominates the
H*energy balance, and this yields a negligibly small H'
temperature gradient. We also note that diffusion-thermal
heat flow is unimportant for O* when H" is a minor ion
(St.~-Maurice and Schunk, 1977). At the altitudes where
H" is major, diffusion-thermal heat flow cannot compete
with ordinary O* thermal conduction. Consequently. in
our models the O* heat flow vector is governed by
ordinary O* thermal conduction.

To determine the importance of diffusion-thermal heat
flow, we obtain steady state solutions of the coupled
continuity, momentum, and energy equations for H', O*
and electrons. Our basic theoretical model is described by
Raitt et al. (1975, 1977). Briefly, in this model account is
taken of the velocity dependence of ion-neutral, ion-ion,

TabLe 1. UpPER BOUNDARY H' TEMPERATURES (K) CAL
CULATED  WITH AND  WITHOUT ALLOWANCE FOR
DIFFUSION-THERMAL HEAT FLOW

U(H") (km/s) S 10

E, (mVm ") 0 50 0 50
Without 3775 4632 3614 4583
With 3267 4064 3077 3943

3000

2500

——

po

PR >

|(6)

|

”m

1

2000

/
1500 - / /

ALTITUDE (Km)

1000

500 '(
J

200 ki i i L
1000 2000 3000 4000

H® TEMPERATURE (°K)

FiG. 1. THEORETICAL H' TEMPERATURE PROFILES CALCU-
LATED WITHOUT (CURVE a) AND WITH (CURVE b) ALLOWANCE
FOR DIFFUSION-THERMAL HEAT FLOW.

For these calculations, the H* velocity at 3000 km was set
equal to 10 km/s and the convection electric field was set
equal to zero.

and wn-electron collision frequencies. lon and clectron
interactions with the neutrals N,, O,, O, He and H are
considered. In the H' momentum equation, parallel stress
and nonlinear acceleration terms are retained. In the H'
energy equation, account is taken of advection, convec-
tion, thermal conduction, frictional heating due to convec-
tion electric fields, and energy exchange with O°, elec-
trons, and the different neutrals. To this basic model we
add diffusion-thermal heat flow, as given by equation (4).

In Fig. 1 we present H' temperature profiles calcu-
lated without (curve a) and with (curve b) allowance for
diffusion-thermal heat flow. For these calculations, the
H' velocity at 3000 km was set equal to 10 km/s and
the convection electric field was set equal to zero. f-urther
details of the temperature and density structure of the
ionospheric plasma can be found in Raitt et al. (1975,
1977) for the case where diffusion-thermal heat flow is
neglected. It is apparent from Fig. 1 that at high-latitudes,
where H' flows up and out of the topside ionosphere,
diffusion-thermal heat flow acts to cool the H* gas. For
the case shown in Fig. 1, the H' temperature above
900 km is reduced by approximately 600 K when
diffusion-thermal heat flow is included.

In order to cover a range of H' flow conditions, we
considered upper boundary H' outflow velocities of 5 and
10 km/s in combination with convection electric fields,
E,, of 0 and 50 mVm '. For all combinations, the com-
parison of H' temperature profiles calculated with and
without allowance for diffusion-thermal effects is similar
to that shown in Fig. 1. These results are summarized in
Table 1, where we present the upper boundary H* temp-
eratures for the cases considered. It can be seen that
diffusion-thermal cffects act to reduce the H* tempera-
ture by 500-600 K for a range of plasma conditions.

Finally, we note that both of the terms in the expression
for V- q(H') that are a consequence of diffusion-thermal
effects act to cool the H' gas (see equation 4). For the
case shown in Fig. 1, the cooling rate associated with the
term proportional to the divergence of the H' flux peaks
at about 700 km, while the cooling rate associated with
the term proportional to advection peaks at about
900 km. At these altitudes, the H' Mach number is 0.08
and 0.34, respectively. These Mach numbers are suffi-
ciently low to justify the use of the “low-speed™ heat flow
equations of St.-Maurice and Schunk (1977). We further
note that the case shown in Fig. 1 corresponds to our
worst case with regard to the applicability of the low-
speed heat flow equations, since for the other cases sum-
marized in Table 1 the H' Mach numbers are lower due
to cither electric field heating or lower upper-boundary
H* outflow velocities.

In summary, we have found that diffusion-thermal pro-
cesses have an important influence on H' temperatures in

.




the high-latitude topside ionosphere. The diffusion—
thermal effect results in H* temperature decreases of
typically 500-600 K at altitudes above about 900 km.
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Abstract—Extensive calculations have been made of the behaviour of He* for situations where ion
outflow occurs from the topside ionosphere. For these circumstances, steady state solutions for the
He™ continuity, momentum and energy equations have been obtained self-consistently, yielding
density, velocity and temperature profiles of He' from 200 to 2000 km altitude. To model the high
latitude topside ionosphere, a range of background H'- O' ionospheres was considered with
variations in the H* outflow velocity, the presence of a perpendicular electric field and different peak
O~ densities. In addition, the atmospheric density of neutral helium was chosen to model typical
observed winter and summer densities. From our studies we have found that: (a) The outflowing He*
has density profiles of similar shape to those of H*, for basically different reasons; (b) The effect of the
perpendicular electric field differs considerably for H' and He*. This difference stems from the fact
that an electric field acts to alter significantly the O* density at high altitudes and this, in turn, changes
the H* escape flux through the O* +H charge exchange reaction. A similar situation does not occur ‘
for He* and therefore the He* escape flux exhibits a negligibly small change with electric field; (c) The }
fractional heating of He* due to the He' —O" relative flow is not as effective in hcating He' as the \
H™* - O" relative flow is in heating H*; (d) During magnetospheric disturbances when the N, density at

the altitude of the He* peak (600 km) can increase by a factor as large as 50, the He* peak density

decreases only by approximately a factor of 2; and (¢) The He' escape flux over the winter pole is

approximately a factor of 20 greater than the He* escape flux over the summer pole. Consequently, on

high latitude closed field lines there could be an interhemispheric He* flux from winter to summer.

1. INTRODUCTION

Early theoretical studies of the distribution of
helium ions in the topside ionosphere were re-
stricted to diffusive equilibrium, and predictions of
regions where He" would be either dominant or
significant were shown to be dependent on the ion
temperature (Mange, 1960; Hanson, 1962; Bauer,
1963, 1966; Kockarts and Nicolet, 1962;
Angeramie and Thomas, 1964).

The work of Banks and Holzer (1969) showed
that at mid to high latitudes both H* and He" ions
were likely to exist in a state of dynamic equilib-
rium with an outflow of ions from the ionosphere
along geomagnetic field lines. Banks and Holzer
(1969) solved the continuity and momentum equa-
tions for both H* and He' and were able to predict
much lower topside He* densities for outflow com-
pared to diffusive equilibrium. There have been few
studies of He' dynamics since this initial work.
Lemaire (1972) constructed a collisionless model of
the polar wind including He', but no altitude
profiles of He* were presented. Mayr et al., (1972)
studied interhemispheric transport and included
He" in their model, but this study was concerned
only with low-speed flows.

There is a growing interest in the theoretical
distribution of helium ions in the vicinity of the

=3

earth since resonantly scattered 304 A radiation
from He' ions can be used as a tracer to experi-
mentally map the He" distribution. Within the plas-
masphere we expect a transition from near diffusive
equilibrium at equatorial latitudes to
subsonic/transonic flow at the poleward boundaries.
At higher latitudes, in the trough and the polar
caps, we expect there to be high speed outflow of
the He' ions, particularly on open field lines. A
further interest in He' outflow stems from the
problem of the terrestrial helium budget for the
two isotopes He' and He®. It has been suggested
(Axford, 1968: Johnson and Axford, 1969) that
He' outflow is an important loss process in the
budget. It is, therefore, important to study the
limiting outward flux of He' wunder various
geophysical conditions.

The behaviour of He' in the topside ionosphere
is substantially different from H' since the two ions
are subject to different sources and sinks. The
prime production and loss mechanism for H' is the
H'+O&H+ 0" charge exchange reaction. He*, in
contrast, is produced by direct photoionization of
He and lost by dissociative charge transfer to O,
and N,, the latter reaction being dominant above
300 km where n(N;) » n(O,). The effects of chang-
ing the production and loss processes on the He'
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density distribution and outward flux arc discussed
later. The importance of the loss process of He' 1o
N, molecules lies in the obscrved increases in N,
density which occur during periods of magnetic
disturbance. For example, Jacchia et al. (1977)
predicts average high latitude increases of N, by a
factor of S0 at 600 km over the undisturbed at-
mosphere, based on 1972 73 measurements from
the ESRO-4 gas analyser. For these conditions the
He density decrcases by a factor of about 3 at
600 km. Both of these changes act to significantly
reduce the He' density.

In the present study we have extended the work
of Banks and Holzer (1969) to include a self-
consistent solution of the He' energy equation in
addition to the continuity and momentum equations
under steady state conditions. We have included
the non-linear acceleration term and parallel stress
in the momentum equation, and velocity dependent
factors in the collision frequencies. We have also
included the effect of convection electric fields on
the He' ion properties. In all of the present studies
we have only concerned ourselves with conditions
under which He' is a minor ion and as such makes
only a small contribution to the clectron density.
This is consistent with the aims of this study to
investigatc the outflow of He' from the high
latitude terrestrial ionosphere. We recognize, how-
ever, that there are conditions when He' can be-
come a dominant ion (cf. Shepherd et al., 1976) in
the polar cap. This is most likely to occur when the
He' ions are in diffusive equilibrium or ¢ven sub-
jected to downflow. The techniques used to study
the properties of outflowing He' used in the pres-
ent analysis are not appropriate to this situation.

We have used background H' - O' ionospheres
computed previously, details of which have becn
described by Raitt et al. (1977). Within these back-
ground ionospheres typical of polar wind condi-
tions, we have considered a range of upper bound-
ary He' outflow velocities from 0.1 to 2.5kms '
We have also considered a change in the neutral
He density typical of the change from the winter to
summer pole conditions. Our final variation was to
consider the case when the O peak density was
reduced by a factor of 10 to simulate conditions
existing within the mid-latitude trough.

It is unfortunate that He' has not been experi-
mentally studicd as widely as H' and O' in the
topside 1onosphere. However, a number of latitudi-
nal profiles of He' density have been reported
(Taylor et al., 1968 Taylor, 1972; Hoffman ef al.,
1974; Breig and Hoffman, 1975) which clearly
show a light ion trough structure for He' indicating
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the transition from a low latitude region of diffusive
cquilibrium to a mid-high latitude region where a
dynamic equilibrium exists.

There have been fewer direct measurements of
the latitude profiles of He', however the radar
backscatter technique has yielded profiles at
Arecibo at night which show characteristics of He'
flow even at low latitudes (Hagen and Hsu, 1974).
A further in situ observation of the altitude varia-
tion of He' was obtained from satellite measure-
ments over a period long enough for significant
precession of perigee (Brinton et al., 1971). This
again showed the characteristic profile of He*
outflow.

We have not been able to locate published re-
ports of any He' temperature measurements, but
there should be a rich source of these and other
He' data available at m'd *, high latitudes from the
AE series of satellites. We look forward to the
publication of these results.

Il. THEORETICAL FORMULATION

The situation we investigated is the steady state
flow of He' through a convecting topside polar
ionosphere composed of O', H", electrons and the
neutrals N,, O,, O, He and H. The neutral atmos-
phere was assumed to be stationary, and for N,,
0O,, O and He we adopted the atmospheric model
of Jacchia (1964), as modified by Walker (1965). In
Walker’s model the altitude distributions of the
neutral temperature and densities are determined
by specifying the temperature and densities at
120 km and the exospheric temperature. At
120 km, the N,, O,, O and He densities were taken
to be 4x10" em *, 7.5%x 10" cm 3, 7.6x 10" cm™?
and 3.4x 107 cm °, respectively. The neutral temp-
erature at 120 km was taken to be 350 K, while the
exospheric temperature was assumed to be 1000 K.
For neutral atomic hydrogen, we adopted the val-
ues tabulated by Banks and Kockarts (1973) in
Table B2(a).

For the electrons and H" and O" ions, we adop-
ted the density, drift velocity, and temperature pro-
files calculated by Raitt et al. (1975, 1977). These
profiles were obtained by solving a system of con-
tinuity, momentum, and energy equations for the
major ions and electrons. In the transport equa-
tions, account was taken of the velocity dependence
of ion-neutral, ion-ion, and ion-electron collision
frequencies. In addition, parallel stress and non-
linear acceleration terms were retained in the H*
momentum equation, thus allowing for both sub-
sonic and supersonic thermal proton outflows.
Furthermore, the frictional heating associated with
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convection electric fields was also included. The where the summation in equation (3) is over the
complete details of the basic ionospheric model is neutrals N,, O,, O, He and H.

given by Raitt et al. (1975, 1977) and a description In equations (1)-(3) and subsequent equations the sym-
of the specific. H', O', and electron profiles bols have the following meaning:

adopted for the present investigation is given in the N(H'), N(O'),—H"'. O'. He' and electron densities:
next section. N(He'), N, N, = NO')+ N(H")
Because we have adopted previously computed M(T/]‘()[.{M(()A").—H'. O', He' and clectron masses
+ + . o e'), M,
M. CF and cloctron density profiles. we eanonly o) o B, 0, He* and ekicton fow
consider situations for which }»le is a minor ion. To anc.g_ W, velocitics along the magnetic
model the behaviour of He' in the topside polar ficld; N.W, - N(O")W(O*)+
ionosphere, we solved the following continuity, : NHOW ")
momentum (parallel to B), and energy equations: NG M(”““"“':")f and mass of neutral
species |
< £t TH"), T(O')—H"', O' He', electron and
He" continuity T(He'), T, T,  neutral tcmperatures
d P(He')—He' production rate
o [N(He*)W,(He")]= P(He') - B(He')N(He"). B(He')>—He' loss frequency
S v(He')--Hce' total collision frequency
He* (h D(He'}—He' diffusion coeflicient
9 eanys 7(He' )—parallel component of the He*
" 1 .. dW,(He") stress tensor
W(He")+ »(He') [“’II(He ) ds K(He')—He' thermal conductivity
3 v(i, j)—momentum transfer collision
dr(He")/ds frequency for species @ and j
N(He')M(He*) D1, j), Wi, j)—--velocity dependent correction
b R N factors for species i and j
= v(He', H)®(He', H") W(H ) D(He") s—spatial coordinate parallel to
v(He") the magnetic field, which is
assumed to be vertical
& 1 dN(He') T/T(He')dN. + M(He')g, g—component of gravitational
N(He') ds N. ds kT(He') acceleration parallel to the
g ; magnetic field
+ k-—Boltzmann's constant
i T(He') ds IR e T‘]} ) W, —plasma convection velocity
E  —convection electric field
He" energy B—geomagnetic field
IN(He )k Wi(H ,)dT(He‘) c—speed of light.
3 € Lz 8 e
d oL Helium ions are produced by photoionization of
+3 kT(He’)a;[N(He”)“ﬁKHC")] neutral He and lost in reactions with N, (cf. Banks
' o ' Kockarts, 1973)
dW(He') d dT(He')] and . .
+N(He )kT(He ) 2 |k (He') S ]
ds ds ds

P(He')=8.16 x10 *N(He)em ‘s ', 4)
= N(He")v(He", e)3k[T, — T(He')[W(He"', ¢)

B(He')=1.5%x10 "N(N,)s ". (5)

+N(He‘)M(He’ Jv(He',H")
M(He")+ M(H") The He' diffusion coefficient, the parallel com-
X{3k[T(H‘)—T(He’)]\l’(Hc'.H’) ponent of the He' stress tensor, and the He'

thermal conductivity can be obtained from the cqu-

+M(H")®(He', H')[Wi(H') - Wj(He )T’} ations presented by Schunk (1975).
N(He')M(He")v(He',0")
M(He")+M(O")
X {3K[T(O") - T(He')]¥(He', O")

+M(O")®(He', O') W (He )}

KT(He')
TNI..LL 5. 0 Sy 6)
e )= iate waie ') ;

10 N(He')kT(He') d W,(He*)

N(He YM(He )v(ljle W) T(He') = - 5 L(He ) & 2 (@]
] M(He") + M(j)
x{3k[T, - T(He")]W(He', j) 5 k2 +
K(He')— S NHe K T(He') ©

+M(j)d(He', )W)’ (He*) + W]}, 3) 2 M(He')v"(He")’
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where

v(He') = v(He' . N,) + v(He', O;) + v(He', O)
+ v(He', H) + v(He , He)®(He'. He)
tv(He', O Hd(He', O")
tv(He \H )P(He' ' H'), (9)

v'(He') = 1.08pv(He ', N,) + 1.07p(He ', O,)
+1.13¢(He ', O)
+1.25¢(He', He) + 1.53p(He ', H)

+ 1.53v(He " H' )+ L.13w(He ', O").
(1)

v"(He')=0.99v(He', N,)+ 0.99v(He ', O,)
+1.02v(He ', O)
+1.48v(He', He) + 2.22v(He', H)

+1.21v(He' . O')+2.23v(He ', H").
(1)

The momentum transfer collision frequencies and
the velocity dependent correction factors are given
in the Appendix.

At the altitudes of interest in the present study
(200-2000 km), the effect of a convection electric
field is to cause the ionospheric plasma to drift in a
direction perpendicular to the geomagnetic field
with a velocity W, given by

W, ¢(E,xB)/B". (12)

In deriving cquation (12) from the charged particle
perpendicular momentum equations, we have neg-
lected the effects of ncutral collisions (valid above
200 km), ion pressure gradients perpendicular to B,
and horizontal gradients in plasma velocity. In ad-
dition, we have assumed a vertical magnetic field,
the absence of neutral atmospheric winds, and we
have neglected changes in magnetic flux tube vol-
ume and area.

Additional simplifying assumptions are implicit
in equations (1)-(11). We did not allow for He'
thermal diffusion and diffusion-thermal cffects
(Walker, 1967; Schunk and Walker, 1969, 1970;
St. Maurice and Schunk, 1977) or production and
loss colhision terms in the He' momentum and
energy equations, since the appropriate expressions
have not yet been derived. An estimate of the
effect that these processes may have on the density,
drift velocity, and temperature profiles has been
presented by Banks ef al. (1974) for the case of H'
outflow.

Further simplifying assumptions were involved in
the calculation of the parallel component of the
He' stress tensor (7) and the He' thermal conduc-
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uvity (8). These expressions were obtained from
low-speed, collision-dominated stress and heat flow
cquations. A more rigorous procedure would be to
obtain the He' heat flow and stress components
directly from generalized flow equations such as the
13-moment system presented by Schunk (1975).
Unfortunately, the high-speed collision terms for
these generalized equations are complex and are
currently not available (cf. Schunk, 1975).

Because of the above limitations, our model of
He' outflow cannot be accepted as a completely
accurate description of the He' flow process. How-
ever, the present results should serve as a useful
guide to the behaviour of He' outflow until the
more accurate set of equations can be developed
and solved.

Solutions 1o the coupled system of equations that
we have adopted have been obtained using iterative
methods applied to linearized finite difference equ-
ations. The accuracy of the results has been deter-
mined through checks on particle, momentum and
cnergy conservation. At our lower boundary
(200 km), transport processes are not important
and, consequently, N(He") was obtained by equat-
ing local production and loss rates and T(He") was
obtained by cquating local heating and cooling
rates. At our upper boundary (2000 km), we
sefected the He' velocity as a parameter which
could be varied to investigate the effects of differ-
ent He' escape fluxes. Since the He' escape flux
reached its limiting value for most of our studies,
we could just as well have chosen the He' density
as the boundary parameter. In the absence of ex-
perimental observations we also set dT(He')/ds =
0: that is. we neglected He' heat sources above
2000 km.

In computing our profiles it was assumed that the
frame of reference followed the convecting flux
tube, and that the time constant to reach a steady
state solution is small compared with times to drift
over distances where the overall boundary condi-
tions change significantly. Post facto comparisons of
He' fluxes, collision times and densities indicate
this.

111. DISCUSSION OF RESULTS

L1 Background ionosphere

As we discussed earlier, the He' density, veloc-
ity, and temperature profiles were computed in the
presence of H' - O' model ionospheres derived
from previous model calculations. The H*-0O"
models consist of H' flowing out through an O°
background, the whole plasma drifting when sub-
jected to convection (perpendicular) electric fields.
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FiG. 1(a). THEORETICAL H' AND Q" DENSITY PROFILES AS A FUNCTION OF ALTITUDE FOR THE STANDARD
BACKGROUND JONOSPHERE.

The H* outflow velocity at the upper boundary is fixed at 10 kms ', while the perpendicular electric
field varies between () and 100 mVm .

The H' - O model is described fully by Raitt et al.
(1977).

Of the many models available from the former
calculations we adopted one set of profiles as a
standard set and then studied the effects of devia-
tions from these standard background ionospheres.
The general characteristics of our standard ionos-
phere were an O' density at the F, peak of 2.1 X
10° cm * and an H' outflow velocity at 3000 km of
10 kms '. The standard H' and O" density profiles
are shown in Fig. 1(a), where the ion density is
plotted against altitude for both the O" and H'

T - | Puremay: room ) 8 g |
Lot ot wt
|
2000 LT 5? <
{
s b /
< 1 |
1800 + ' 7
§ / gl
8 I o
QIOOO ! y |
—~ ' 4
17 /|
s00 } |‘ g’ \!
| .
| <
o L sl snilismnial il
000 2000 3000

=5 17 t r r t
ot w* ["he
00 %0 100 E,
|7 (mV )
bt %
/ b
/ 7
v 4 P
p
Y —) i TR i

ions and for three values of the perpendicular
electric field; 0, 50 and 100 mVm™'. As expected,
an increasing electric ficld acts to increase both the
H' and O' ion densities in the region above the ion
peak densities where diffusion dominates over
chemical processes. The O' densities in all cases
were such that He' remained a minor ion at all
altitudes, as is required by the formulation given in
Section 2.

The H', O' and electron temperature profiles of
our standard model for each of the clectric field cases
are shown in Fig. 1(b). Particle temperature is

4000 5000 6000 7000

TEMPERATURE (*K)
F1G. 1(b). THEORETICAL TEMPERATURE PROFILES AS A FUNCTION OF ALTITUDE FOR E1LECTRONS (BROKEN
LINES), H' AND O 10NS
For the ions the boundary conditions are the same as for Fig. 1(a). The electron temperature profile
corresponds to that for a perpendicular electric field of 50 mVm ',
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plotted as a function of altitude, the H' and O'
temperature profiles being represented by solid
lines and the electron temperature profile by the
broken line. Again, three sets of ion temperature
profiles are presented corresponding to the three
perpendicular electric fields adopted as standard.
The electron temperature profile showed negligible
change with the perpendicular electric field so only
that profile corresponding to E, =50mVm ' is
presented. The heating effect of the perpendicular
electric field on both H' and O' at low altitudes
can be seen, together with the additional frictional
heating of H" as it begins to flow rapidly relative to
O" above 800 km.

The model background ionospheres shown in
Figs. 1(a) and 1(b) were used in most of the He*
outflow calculations. Deviations from this back-
ground plasma were treated as special cases and
will be discussed iater.

I11.2 Helium ion density profiles

The He" density profiles as a function of altitude
for the standard background ionospheres are shown
in Fig. 2. These background ionospheres and the
He" density profiles were calculated for sunlit con-
ditions. For each of the three standard perpendicu-
lar electric fields chosen, three He® outflow vio-
cities at the upper boundary were chosen. The
magnitudes of these outflow velocities were 0.1, 0.5
and 2.5kms”'. The perpendicular electric field
used in the He" calculation was consistent with that
which had been used in deriving the background
ionosphere.

The general characteristics of the He' density
profiles are similar to those of H'. There is a region
below about 600 km where equilibrium between
production and loss dominates, whereas at higher
altitudes diffusion is more important, resulting in a
peak He® density in the vicinity of 600 km. The
higher He* outflow cases qualitatively resemble the
flux limited profiles computed by Banks and Holzer
(1969). For the 0 and S0mVm ' perpendicular
electric fields, this peak is unaffected by the upper
boundary He' outflow velocity. When the perpen-
dicular electric field is 100 mVm ' there is a slight
reduction in the He' peak density as the He" upper
boundary outflow velocity increases from 0.1 to
25kms .

The reason for this behaviour is a consequence of
the increasing ion temperature as the perpendicular
electric field increases. The higher ion temperature
causes a decreased Mach number for a given out-
flow at the upper boundary. The result is that the
profiles become nearer to diffusive equilibrium
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F1G. 2. THEORETICAL He' DENSITY PROFILES AS A FUNC-
TION OF ALTITUDE FOR He' UPPER BOUNDARY OUTFLOW
VELOCITIES OF .1, 0.5 AND 2. Skm s '

The upper, middle and lower panels show the profiles for

perpendicular electric fields of 0. S0 and 100 mVm ',

respectively. The background ionospheres are the stan-
dard models shown in Figs 12 and ib

profiles above the peak. this effect being particu-
larly noticeable in the most extreme case of E, =
100mVm ' and 0.1kms ' He' outflow velocity
(Fig. 2, bottom panel). For this case the increased
peak density and much higher upper boundary
density results from the He' outward flux being
below the saturated flux of 38x10°cm “s ' at
3.2x10°cm *s '. This again is due to the high ion
temperature and the inhibiting effect on the He'
diffusion coefficient of the higher H* and O° de-
nsities for E, =100 mVm .
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F1G. 3. THEORETICAL He" DENSITY PROFILES AS A FUNCTION OF ALTITUDE FOR A FIXED He' UPPER
BOUNDARY OUTFLOW VELOCITY OF (.5 km s ™! AND THREE PERPENDICULAR ELECTRIC FIEL DS OF (), 50 AND

100 MVm .
The background ionospheres are the same as those for Fig. 2.

Figure 3 shows three He" density profiles for the
same He' outflow velocity of 0.5kms™', but for
each of the three standard perpendicular electric
fields of 0, 50 and 100 mVm™'. This figure em-
phasizes an important difference between He* and
H* outflows as they are affected by the magnitude
of the perpendicular electric field. Figure 3 shows
the increase in scale height with increasing mag-
nitude of the perpendicular electric field resulting
in a redistribution of ions, the density near the peak
decreasing and the density above about 1000 km
increasing. The upper boundary density shows little
variation because the outward flux remains con-
stant at its saturated value. This can be contrasted
to the H' density profiles shown in Fig. 1(a) where,
although the increased scale height above the H*
peak is evident, the outward flux increases with
increasing electric field, as illustrated by the in-
creasing H' density at the upper boundary while
the H" velocity at this boundary remains fixed. The
reason for this different behaviour is that the in-
creased O* above the F, peak acts as an additional
source of H' ions due to the charge exchange
reaction H+O"=2H" +0, while in our present
model the source of He' is unchanged since it
arises solely from photoionization of He.

111.3 Helium ion velocity profiles

Profiles of the He" velocity parallel to B as a
function of altitude are shown in Fig. 4. These
velocities correspond to the three perpendicular
electric fields and the three He® boundary outflow

velocities used to compute the He* density profiles
shown in Fig. 2.

The zero perpendicular electric field case is simi-
lar in characteristics to the H' velocity profiles
(Raitt et al., 1977) in that the ion velocity parallel
to B is negative at low altitudes, becomes positive,
then increases to reach a peak value before falling
back to the upper boundary value. A notable
difference between He' and H' in the detail of the
profiles is that the rapid increase in the He' outflow
velocity occurs at a higher altitude than for H*; the
He' increase occurring at about 1300 km while the
H" increase occurs around 800 km. This difference
is primarily due to the smaller diffusion coefficient
for He" resulting in production and loss being more
important to higher altitudes for He" than for H*.

In comparing the velocity profiles for increasing
perpendicular electric fields it can be seen that at
higher altitudes, above about 1000 km, there is a
decrease in the He" outflow velocity. This is a result
of the flux limited condition for all but the extreme
case of E,=100mVm ' and 0.1 kms™' He" out-
flow boundary velocity. The increased scale height
results in increased number densities at these al-
titudes  and since the  outward flux
(N(He')W,(He")) is constant Wi (He') must be
lower.

At lower altitudes, around 300 km, there is a
marked increase in the downward velocity as the
perpendicular electric field is increased. This is a
result of the increase in the ion-ion diffusion coeffi-
cient, D~ T;*/N,. The O* density changes only
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FiG. 4. THEORETICAL He' VELOCITY PROFILES AS A FUNC-
TION OF ALTITUDE FOR He' UPPER BOUNDARY VELOCITIES
or0.1,0.5 AND2.5kms *.

The upper, middle and lower panels correspond to per-
pendicular electric fields of 0, 50 and 100 mVm™', respec-
tively. The background ionospheres are the same as those
for Fig. 2.
slightly with increasing E,, from 0 to 100 mVm ',
but T(O") increases by a factor of about 3.5; hence
D increases by a factor of approximately 25. The
net result of the various competing processes is an
increase in the downward velocity by a factor of 16.

lIL.4 Helium ion temperature profiles

The He' temperature profiles as a function of
altitude for the same background ionospheres and
He' outflow velocities at the upper boundary used
to calculate the density and velocity profiles of Figs.
2 and 4 are shown in Fig. 5.
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The zero perpendicular electric field case shows
that below about 1300 km the boundary He' out-
flow velocity has very little effect on the He' temp-
erature and the profile is similar to the O' temper-
ature profile. This is confirmed by a study of the
energy balance of He' which shows it to be very
closely coupled to O'. Above 1300 km a more
rapid increase in velocity occurs, which results in
flow terms such as advection, convection, thermal
conduction, and Joule heating by collision with O"
being more important in the energy balance. These
terms do not, however, dominate the energy bal-
ance and coupling to O' remains an important term
up to the top boundary. This prevents a large
variation of He' temperature with He' outflow
velocity in contrast to the marked affect for H*
ions. The main reason for the small effect of fric-
tional heating is that the He" velocity shows a rapid
increase only above 1300 km, while for H™ the
rapid increase in outflow velocity begins at about
800 km. At 1300 km the O' density is typically a
factor of 5 lower than at 800 km and the Joule
heating is consequently reduced. It should be
noted, however, that the behaviour of the Joule
heating agrees with that observed for H* in that the
subsonic-transonic cases of 0.1 and 0.5 kms ™' out-
flow velocity show an increase in upper boundary
temperature, while the supersonic outflow case of
2.5kms ' shows a reduction. This can be attri-
buted to the same reason as that for H* tempera-
tures, a reduction in the velocity dependent colli-
sion frequency factor W(He',Q') as the Mach
number significantly exceeds unity.

The groupings of the families of He' tempera-
ture profiles for different He" outflow velocities for
each of the three standard perpendicular electric
fields shows that this latter parameter has the
strongest influence on the He® temperature. The
increase in frictional heating of He" ions near the
lower boundary by collisions with the neutral gas as
E, increases can be seen. This frictional heating
rapidly declines with altitude as the neutral gas
density decreases until the strong coupling to the
O' ions takes over. Like the zero perpendicular
electric field case the effect of the He™ outflow is
minimal until about 1300 km when the flow, con-
duction, and He' —O" frictional heating terms be-
come significant.

The upper boundary temperatures for the
50 mVm ' case show the same pattern of increase
followed by decrease as the He' outflow velocity
increases that was shown by the zero-field case. At
100 mVm ', however, there is a continual decrease
in T(He") at the top boundary. This results from
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F1G. 5. THEORETICAL He' TEMPERATURE PROFILES AS A FUNCTION OF Al TITUDE FOR He* UPPER BOUND-

ARY VELOCITIES OF: (a) 0.1, (b) 0.5 AND (¢) 2.5 km s

Each family of curves corresponds to a different perpendicular electric field as is indicated by the
labels. The background ionospheres are the same as those for Fig. 2.

the effect of the convection term in the energy
balance switching from a heat source to a heat sink.
This is confirmed by reference to the He' velocity
profiles shown in Fig. 4 where it can be seen that
the 0.1 and 0.5kms ' outflow cases for 0 and
50mVm ' have negative slopes near the upper
boundary, while the slopes are near zero or positive
for the 100mVm ' case.

I11.5 Change of background ionosphere H' outflow

In order to study the effect of the H' outflow
velocity on the He' ion profiles the same three
perpendicular electric field cases and the same
three He' upper boundary outflow velocities were
used to compute He' profiles for an H' upper
boundary outflow velocity of S kms '. It was found
that none of the He' density, velocity or tempera-

TasLe 1. He' TEMPERATURES (K) AT THE UPPER

BOUNDARY OF THE MODEL (2000 km) AS A FUNCTION OF

H' AND He' OUTFLOW VELOCITIES AND PERPENDICU-

LAR ELECTRIC FIELD. IN ALl CASES THE O' PEAK DI
NSITY WAs 2.1 x 10%em !

W“(He')
(kms ") 0.1 0.5 2.5
W, (He'), kms '
E, e e e i
(mVm ') 5 10 S 10 5 10
(}] 1350 1328 1417 1410 1338 1332
50 2006 1963 2056 2026 1939 1920

100 3858 3831 3816 3798 3648 3643

ture profiles differed significantly when the H' out-
flow velocity was Skms ' compared to the stan-
dard background ionosphere when the H' outflow
velocity was 10 kms '. This is emphasized in Table
! which summarizes the upper boundary He'
temperatures for the standard background ionos-
phere and for the lower H' outflow velocity model.

The reason for the insensitivity of He' to H'
outflow is that it is the O' density rather than the
H" density which has the major effect on both the
He' outflow velocity and the He™ temperature. In
changing the H' upper boundary outflow velocity
from 10kmsec ' to Skms ' there is a negligible
change in the O' density profile for a given perpen-
dicular electric field.

111.6 Change of neutral helium gas density

The neutral atmospheric struciure used in our
model contains a helium density profile which is in
good agreement with the measured winter hemis-
phere density of Mauersberger et al. (1976a,b). In
order to test the effect of a neutral helium density
profile more typical of the summer hemisphere we
reduced the neutral helium density by a factor of
20 at all altitudes. We then computed He' profiles
for our standard background 1onospheres and with
a fixed He' upper boundary outflow velocity of
0.5kms '

The He' density profiles with the reduced
neutral helium density are compared in Fig. 6(a) to
the He' density profiles for the standard back-
ground ionospheres and with the same He ' outflow
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FI1G. 6(a). THEORETICAL He' DENSITY PROFILES AS A FUNCTION OF ALTITUDE FOR A FIXED He* UPPER
BOUNDARY VELOCITY OF (.5 km s~ ' AND PERPENDICULAR ELECTRIC FIELDS OF (), 50 AND 100 mVm™!, As
LABELLED.

The right-hand family of curves corresponds to neutral He densities typical of the winter hemisphere,
while the left-hand family corresponds to a reduction in n(He) by a factor of 20 at all altitudes.

velocity of 0.5kms '. It can be seen that the
densities at all altitudes are reduced by a factor of
20 and since the upper boundary He' outflow
velocities are the same the escape flux is also
reduced by a factor of 20. The linear scaling is a
consequence of the source of He* being photoioni-
zation of He, thus reducing He by a factor of 20
reduces the available He' ions in the same propor-

A comparison of the He" temperature structure
for the standard neutral helium density and the
reduced density is shown in Fig. 6(b), where the
He" temperature is plotted as a function of al-
titude. There is also a small change in T(He") when
the neutral He is varied by a factor of 20. The
slightly higher temperature profile when N(He) is
reduced results from lower collisional cooling be-
tween He' and He. This effect is most pronounced
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'EMPERATURE PROFILES AS A FUNCTION OF ALTITUDE FOR AN UPPER
AND PERPENDICULAR ELECTRIC FIELDS OF 0, 50 AND

100 mVm *.

Curves (a) and (b) correspond to the standard and reduced neutral helium densities, respectively,
described for Fig. 6a.
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TaBLE 2. He’ TEMPERATURE (K) AT THE
UPPER BOUNDARY OF THE MODEL
(2000 km) AS A FUNCTION OF PERPEN-
DICULAR ELECTRIC FIELD AND NEUTRAL
He DENSITY. IN ALL CASES OF PEAK O*
DENSITY WAs 2.1x10°cm * AND THE
He* outFLOW VELOCITY WAS 0.5 kms !

E (mVm ')
N(He) 5
factor 0 50 100)
1.00 1410 2026 3798
0.05 1414 2040 3870

at the highest perpendicular electric field strength
since for that case the difference between T(He")
and T, is greatest. The effect on the He® tempera-
ture of reducing the neutral He density is sum-
marized in Table 2.

I11.7 Change of molecular nitrogen density

In order to simulate the observed selective
changes in molecular nitrogen density profiles
which occur during periods of magnetic disturbance
(Jacchia et al., 1977), we increased the N, density
profile to that for an exospheric temperature of
1500 K while maintaining the remaining neutral
species at densities corresponding to 1000 K. The
result of this change was to increase the N, density
by a factor of 50 at 600 km and by larger factors
above this altitude.

Our model He" profile was then computed for
the standard background ionosphere with zero per-
pendicular electric field, but with the enhanced N,

density. The result of increasing the loss to N, was
to increase the height of the He' peak by approxi-
mately 150 km, reduce the peak density by a factor
of 2, and reduce the limiting He' escape flux by
about a factor of 1.5. The relatively small effect on
the He' density and escape flux of the enhanced
loss to N, results from the fact that the greatest
increases in the loss rate occur at and above the
altitude of the He' peak. At these altitudes He'
production and diffusion are the dominant processes
affecting the density profile. This is in contrast to
the situation at the altitude of the H" peak density,
where loss is competitive with production and diffu-
sion.

1{1.8 Change of ¥, peak O density

In order to study situations more typical of the
mid-latitude trough, we computed He" profiles for
a background ionosphere with a peak O" density of
2.1x10*cm *, which is a factor of 10 lower than
our standard value. Such trough-like O" densities
are often associated with strong perpendicular
electric fields, so we studied the effect of changing
the O* peak density for the case of a 100mVm '
perpendicular electric field.

The He' density profiles are shown in Fig. 7(a),
where N(He') for O peak densities of 2.1Xx
10°¢cm® and 2.1x10°cm ' are shown for He'
outflow velocities of 0.1, 0.5 and 2.5kms™'. At
altitudes above the He' peak the fractional reduc-
tion in N(He") as the O" peak density is reduced
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F16. 7(a). THEORETICAL He' DENSITY PROFILES AS A FUNCTION OF ALTTTUDE FOR UPPER BOUNDARY He'
VELOCITIES OF 0.1, 0.5 AND 2.5 km s ! AND FOR A PERPENDICULAR ELECTRIC FIELD OF 100 mVm ™',
The profiles labelled (a) correspond to a peak O* density of 2.1x10*cm ¥, while those labelled (b)
correspond to the standard value of 2.1x10%cm ' for the O' peak density. In all cases the H*

outflow velocity was 10 kms
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FiG. 7(b). THEORETICAL He' TEMPERATURE PROFILES AS A FUNCTION OF Al TITUDE FOR THE SAME He*
UPPER BOUNDARY CONDITIONS AND IONOSPHERIC PARAMETERS AS FIiG. 7(a).

The profiles labelled (a) correspond to the lower peak O* density.

increases with increasing He' outflow velocity.
When N(O") is reduced the outflowing He' meets
less resistance and the altitude at which diffusion
dominates moves lower. This results in a larger He'
outflow velocity and, since the flow is flux limited, a
reduced He' density. However, we have imposed
fixed upper boundary He' velocities and therefore,
the slight difference in upper boundary He' de-
nsities reflects the insensitivity of the He' escape
flux to the background O' density profile.

The corresponding He' temperature profiles are
shown in Fig. 7(b) where T(He') is plotted against
altitude for both the standard peak O density of
2.1x10°cm ' and the reduced density of 2.1x
10°cm . At all altitudes above 400 km the lower
peak O' density results in lower He' temperatures.
The shapes of the profiles and the effect of the
outflow velocity also differ above 500 km for the
low peak O' density compared with the standard
ionosphere. This results from the collisional cooling

TasLe 3. He' TEMPERATURES (K) AT
THE UPPER BOUNDARY OF THE MODEI
(2000 km) AsS A FUNCTION OF O PEAK
DENSITY AND He ' ouTFLOW VELOCITY. IN
ALL CASES THF PERPENDICUI AR ELECTRIC
FIELD WAS 100 mVm ' anD tHE H* out
FLOW VELOCITY WAS 10 km s !

N(O*) W (He*), kms '
peak e
(cm ) 0.1 0.5 25
2.1x10° 3831 3798 3643
21x10* 3265 3340 3178

5

to O' being lower, and the influence of the flow
terms and thermal conduction being greater for the
reduced O" density. It should be noted that Joule
heating due to He' outflow is still not a significant
heat source.

Below 400 km the He' temperature is higher for
the reduced O density. In this region much of the
heating of the He" ions comes from frictional heat-
ing with the neutral atmosphere. When O” is lower
in density this reduces an important cooling term
and so the He" ions settle at a higher temperature.

The effect on the He' temperature of reducing
the O" peak density by a factor of 10 is sum-
marized in Table 3.

IV. CONCLUSION

We have obtained self-consistent steady state
solutions of the coupled He" continuity, momen-
tum, and energy equations for a range of He'
upper boundary velocities and a range of back-
ground ionospheres with an ionic composition of
Q' and outflowing H'. We have also considered
neutral helium densities typical of both winter and
summers hemispheres. In formulating the equations
we have assumed that He® is a minor ion, and
under this assumption we have identified the fol-
lowing features related to outflowing He" ions:

(i) The shape of the He" density profile as a
function of altitude is similar to that for H,
showing a peak density at about 600 km.

(ii) The He' density, velocity and temperature
profiles are negligibly affected by a change in
the H' outflow velocity from 10kms™' to
Skms ',

R

e e




T

Helium ion outflow from the terrestrial ionosphere

(iii) The effect of changing the perpendicular
electric field is quite different for He' com-
pared to H'. Changes in O" density results
only in changes in the diffusion velocity for
He’, while for H' the outward flux is also
changed as a result of O" being a source for
H" ions through the change exchange reac-
tion O' +H=2H" +0.

(iv) The rapid increase in He' outflow velocity

occurs at about 1300 km compared to about

800 km for H" ions.

As a consequence of (iv) Joule heating for the

outflowing He" is much less significant than

for H', resulting in lower He' ion tempera-
tures and less dependence on the He' outflow
velocity.

(vi) The He" ion temperature is most strongly
controlled by the O' ion temperature, par-
ticularly below about 1300 km.

(vii) The effect of reducing neutral helium de-
nsities from winter to summer hemisphere
values is to scale the He" density linearly.
The effect on He' temperature profiles is
minimal.

(viii) The effect on the He' density profile of an
enhancement in the N, density of a factor of
50 at 600 km, as observed during substorms,
is to reduce the peak He' density by a factor
of 2 and decrease the limiting He ' escape flux
by approximately a factor of 1.5.

(ix) The effect of reducing the peak O' ion de-
nsity by a factor of 10 is to increase He'
outflow velocities and consequently decrease
He" densities in the altitude range where
diffusion is dominant. At most aititudes the
He" ions receive less heat as a result of the
reduced O" densities, which results in lower
He® temperatures. At the lower boundary
where heating due to perpendicular electric
fields is more effective, the smaller O' cool-
ing results in higher He' temperature.

(x) The limiting He* escape flux is little affected
by a change in the peak O' density by a
factor of 10. A decrease in neutral helium
densities by a factor of 20 at all altitudes
resulted in a factor of 20 reduction in the
limiting He" escape flux.

The limiting He' escape flux of 5% 10°cm *s
that we have computed for winter hemisphere con-
ditions is consistent with the escape fluxes com-
puted by Banks and Holzer (1969) using a much
more restricted theoretical treatment. Since the
original studies of terrestrial He loss by Axford
(1968) and Johnson and Axford (1969) were based

~

(v

upon the Banks and Holzer (1969) He' escape
fluxes, the seasonal change in the limiting He'
escape flux that we have calculated should have
great impact on these studies.

The large seasonal variation in neutral helium
density at high latitudes suggests that further direct
measurements of the properties of He' ions in the
topside ionosphere would be useful to increase our
understanding of seasonal changes in ionsopheric
composition. In particular, a direcct measurement of
the temperature of both He' and H' ions at
latitudes where outflow is occurring would be help-
ful in testing the theoretical results presented in this
paper.
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APPENDIX

The momentum transfer collision frequencies (s ') are
given by (Schunk, 1975).

v(He',N,) = 1.60x 10 °N(N,)
v(He*,0,)=1.53x 10 °N(O,)
v(He*,0)=1.01x 10 *N(O)
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v(He*, H)=4.72 x 10~ "*N(H)
v(He*, He) = 6.46 X 10" N(He)[ T(He*) + T, ]
x[1.00—0.09 log,, (T(He*) + T,)P
N(H*)
T2(He", H")
N(O*)

He*, OF #0860 meer ) X
RHELOr) T2 (He",0")

v(He*,H*)=0.285

N,
v(He*, e) = 0.008 7 S

The momentum transfer collision frequencies satisfy the
relation N(i))M(i)v(i, j) = N()M(@G)v(j, i).

The velocity dependent correction factors are given by:
Non-resonant ion—neutral interactions

&G, =V =1

Resonant ion—neutral interactions

1

3V 1
®(i, ) =Tﬂ [E(i, j)+m_453—(i:i)] erf [e(i, j)]

3 1 o i
+§[l +2£2“’j)]exp [—€%G, )] ‘

e 7
\F(x,,)——2‘>[e(1,1)+m] erf [¢(i, j)]
+1expl—-€e2(i, j)).
Coulomb
_3Wmerf[e(, )] _3exp €%, )]
4 €3, 2 %))
Wi, j)=exp [-£%(i, )],

@, j)

where
[W2(He*)+ W, 2]'/2
[2k(T(He*)+ T,)]'?
M(He*)
v ey |Wi(He")
e(He*,0%) lSkT(He*.O’) T
2M(He")
E(He’.H‘)=—-'“—]|—|w(l-le LW
[IOkT(He*, H*)|2
M(He*)

e(He*, e)=|~—n'—l—w - W(He’)l‘
(2kTM,)'"?

e(He*, He) =

and
T(He*,0')=[4T(He*)+ T(O*)YS i
T(He*,H*)=[T(He*)+4T(H")J/5. |

The velocity dependent correction factors are symmetric
so that ®(i, j) =d(j, i) and &(j. i) = (i, J).
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QUANTITATIVE CALCULATIONS OF HELIUM ION ESCAPE FLUXES
FROM THE POLAR IONOSPHERES

W. J. Raitt, R. W. Schunk, and P. M. Banks

Center for Research in Aeronomy, Utah State University, Logan, Utah 84322

Abstract. Recent experimental measurements
of He' outward fluxes have been obtained for
winter and summer hemispheres. The observed
fluxes indicate an average He' escape flux of
2 x 107 em 2 s7! in the winter hemisphere and a
factor of 10-20 lower in the summer hemisphere.
Earlier theoretical calculations had yielded |
winter fluxes a factor of 4 lower than the |
measured values and summer fluxes a further }
factor of 20 below the winter fluxes. We have ]
attempted to reduce this discrepancy between our - 1
earlier theoretical model and the experimental
observations by improving our theoretical model
in the following ways. The helium photo-
ionization cross sections used are accurate to
10%, the latest solar EUV fluxes measured by
the Atmosphere Explorer satellites have been
incorporated, and the most recent MSIS model of
the neutral atmosphere is contained in the model.
A range of conditions covering solar cycle,
seasonal, and geomagnetic conditions were studied.
] The results show_a maximum He™ escape flux of
' 1.4 x 107 cm 2 s ! for solar maximum, winter,
low magnetic activity conditions, which is within
the scatter of the measured fluxes. The computed
summer He escape flux is a factor of 20 lower
than the winter value, a result which is in
reasonable agreement with the summer experimental
observations. Possible reasons for the slight
discrepancy between theory and experiment in
summer are discussed.
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1. 1Introduction

The dynamics of Het ions in the F region of
the terrestrial ionosphere and the resulting
density, velocity, and temperature distributions
were studied for a variety of ionospheric and
atmospheric conditions in an earlier paper
[Raitt et al., 1978], hereafter referred to as
RSB. The motivation for making the earlier
study was discussed in some detail by RSB; in
summary, we felt that the inclusion of the
temperature structure was important in predicting
more accurate density distributions for help in
mapping the plasmasphere by Het 304-% resonantly
scattered sunlight and also in updating the
predictions of He escape flux as an improvement
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to understanding the terrestrial helium budget
[Axford, 1968; Johnson and Axford, 1969].

The outcome of the RSB study was that the
limiting He escape flux was about 5 x 10® cm 2
s ! in all of our winter models, and this was
reduced by a factor of 20 for summer models.

The summer/winter variation reflected the
change in neutral helium density between the
seasons, the so-called 'winter helium bulge,'
which was neglected in earlier studies [Banks
and Holzer, 1969].

Subsequent to our previous studies we were
made aware of some recently analyzed measure-
ments of He outward flux from data taken on
the Isis 2 satellite (J. H. Hoffman, private
copmunication, 1977). These measurements of
He escape flux indicate an average value of
2 x 107 cm 2 s7! at the winter pole and a factor
of 6 lower at the summer pole. Thus a discrep-
ancy of a factor of 4 exists between the earlier
theoretical predictions and the recent experi-
mental observations for the winter hemisphere,
and an even larger discrepancy for the summer
hemisphere.

In the present study we have improved our
ionospheric-atmospheric model in an attempt to
get better quantitative estimates of the behavior
of He at high latitydes. In the work of RSB it
was shown that the H outflow velocity and
perpendicglar electric field had little effect
on the He escape flux. us, in this study we
adopt a fixed background H -O ionosphere with
an H outflow velocity of 10 km s !, typical
of high-speed polar wind conditions, and no
perpendicular electric field. The neutral
atmospheric model has been improved by using
the latest MSIS model atmosphere [Hedin et al.,
1977a, b]. Helium photo-ionization cross
sections accurate to 107% have been incorporated
into the model as well as solar EUV fluxes
measured on the Atmosphere Explorer satellites.
In addition, we have taken into account the
solar zenith angle change from summer to winter.
Details of the improvements to the model are
specified in more detail later.

The study covers a range of atmospheric-
ionospheric conditions allowing for variations
of geomagnetic activity, F, peak density, season,
and solar cycle. Results for the He escape flux
as a function of these parameters are given in
terms of typical velocity agd density profiles.
Temperature profiles for He are not presented,
since the results obtained are consistent with
our previous study which showed that ion
temperature changes with outflow velocity, and
other parameters are not as marked for He as
for H .
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2. Atmosphere-Ionosphere Model
Basic Model

The basic features of the ionospheric model
used are descriked f¥11y by ESB. We assume an
ionosphere of H , He , and O ions and electrons
with a background Deu ral atmosphere of H, He, O,
0,, and N,. The H -O ionospheric component is
taken from ,a previous model [Raitt et al., 1977],
and the He properties are obtained from a steady
state solution of the coupled continuity, momen-
tum, and energy hydrodygamic equations for the
case of outflow when He is a minor ion. Account
is taken of the velocity dependence of ion-
neutral, ion-ion, and ion-electron collision
frequencies. Nonlinear acceleration and parallel
stress terms are retained in the He momentum
equation, and provision is made for the effect of
perpendicular electric fields in the equations.
We will pot repeat the detailed formulation of
the H -0 and He ionospheric models but refer
the reader to Raitt et al. [1977] and RSB,
respectively.

Improvements to Basic Model

Helium ions are produced by photo-ionization
of neutral He and lost in reactions with NZ:

He + hv ~»> He+ + e (1)
He++N2+N++N+He (2a)
He' + N, > N; + He (2b)

In oyr initial study (RSB) the production rate
P(He ) was assumed to be proportional to N(He),
and a proportionality constant of 8.16 x 10 8 s™ !
was adopted from Banks apnd Kockarts [1973]. 1In
the present study the He production rate is
calculated using the He photo-ionization cross
section calculated by Stewart and Webb [1963],
which agrees with the experimentally determined
cross section of Baker et al. [1961] to within
10%, and by using the latest solar EUV fluxes
obtained from the Atmosphere Explorer satellites
[Hinteregger et al., 1978]. Additional details
concerning the calculation of photo-ionization
rates are given by Schunk and Walker [1973], as
are the absorption cross sections for N,, O,,
and 0. As in our initial study, the rate coeffi-
cient for reaction (2) is taken to be k2 = 1.5 x
10 % em? s7! [Lin inger et al., 1974].

Our earlier He theoretical model is further
improved by the adoption of the MSIS model of the




neutral atmosphere [Hedin et al., 1977a, b].
This atmospheric model, which is based upon
data obtained from five satellites and four
incoherent scatter radar stations, produces
neutral density profiles for a wide range of
conditions, including solar cycle, seasonal,
and geomagnetic variations.

The dependence of the solar zenith angle ¥
on the declination of the sun g, the geographic
latitude ¢, and local time is given by

cosx = sinZ sin¢ + cosf cosd cos[2m(H-12)/24] (3)
where H is the local time in decimal hours.

Range of Parameters Used

The solutions for the He+ density, velocity,
and temperature profiles were obtained for the
steady state condition at noon local time and
at a geographic latitude of 80°. The magnetic
field dip angle was assumed to be 90°.

The range of magnetic activities used was
defined by the index Ap, which was varied between
0 and 70 on the internationally established
scale. These values are used in the determina-
tion of the MSIS atmospheric model and affect
the neutral gas temperature, resulting in N
density changes of more than a factor of 10
at altitudes near the He peak density. ince N
provides the dominant loss process for He , such
a change might be expected to have a significant
effect on the limiting He escape flux. The F
peak density was allowed to change by a factor
of 10 from 2 x 10° cm.3, representing normal
high-latitude values, to 2 x 10" cm 3 for an
ionospheric trough condition. The seasonal
effect from summer to winter was specified by
choosing day 1 as winter and day 183 as summer
to enable the MSIS model to compute the appro-
priate neutral species densities. We also
changed the solar declination from 23° to -23°
to allow for the change in solar zenith angle
from summer to winter. Finally, we performed
our calculations for both solar minimum and
solar maximum conditions. The solar activity
was specified by the 10.7-cm solar flux, which
was set to vary from F,, , = 60 x 10722 Wm 2
Hz 1 for_solar minimum €6 F = 150 x 10 22
Wm 2 Hz ! for solar maximum.' 'This parameter
again affects the neutral atmosphere in the MSIS
model. We also speculatively ran some cases
with a change in the solar EUV flux by a factor
of 2 from solar minimum to solar maximum.
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We consider that these are limiting cases
and bracket the range of He escape fluxes which
should be observed. The limits represent the
boundaries with the most recent knowledge of the
neutral atmosphere, EUV fluxes, and photo-
ionization cross sections.

As is indicated above, most of the parameters
act to change the neutral atmosphere. To
illustrate the effects for the solar cycle,
seasonal, and magnetic activitv changes, Figures
1-2 show altitude profiles of the atmospheric
spgcies controlling the production and loss of
He , where N(He) and N(N,) are plotted as
functions of altitude. Figure 3 shows plots
of the resulting He production rate as a
function of altitude. In all three figures the
summer profiles are shown by dashed curves, and
the winter profiles by solid curves; the labels
'high' and 'low' refer to the magnetic activity
levels specified earlier.

It can be seen from Figure 1 that the greatest
influence on the He density results from the
seasonal effect, while Figure 2 shows that the
solar cycle and magnetic activity changes have a
large, influence on the N, density. The effects
on He densjties are folded into the production
rate of He shown in Figure 3. The groupings of
the curves again indicate that the seasonal
influence dominates near the winter peak produc-
tion rate altitude; however, at high altitudes,
particularly at solar minimum, the seasonal
effect is equally important. The falloff in He
production at altitudes below about 300 km in
the winter is due to the solar zenith angle
effect attenuating and eventually cutting off
the solar EUV flux.

3. Calculated He+ Escape Fluxes

The fixed background H+—0+—e1ectron ionosphere
used in all the calculations except the trough
case was a_model with ,an F, peak density of
2 x 10° cm 3 and an H+ outglow velocity of 10 km
s ! at 3000 km; the profiles of density and
temperature for the background ionosphere are
shown in Figure 1 of RSB.

It yas found in our previous study (RSB) that
the He escape flux was not sensitive to perpen-
dicular electric fields in the range 0-100 mV
m !, so in order to reduce the number of param-

F eters in this study we only considered the case
for zero perpendicular electric field

The small effect of H outflow velocity and
1 F, peak density on the He escape flux, as shown
: in our previous study, prompted us to keep the
same background ionosphere for both solar maximum
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and solar minimum and for both winter and summer.
The results presented later for a reduced F, peak
density were run more as a check,on the effect
of ionospheric troughs on the He parameters than
to reflect any solar cycle or seasonal effecgs.
As in the work of RSB, we computed the He
profiles over the altitude range 200-2000 km. We
defined upper boundary velocities of 0.1, 0.5,
and 2.5 km s ! and assumed chemical equilibrium
at the lower boundary. In all cases considered,
we found that the escape flux had saturated by
the time the upper boundary velocity was 0.5 km
s ! and so we will only present results for this
boundary condition.

Standard Cases

The He+ density and He+ velocity profiles for
our standard cases are shown in Figures 4 and 5,
respectively. 1In both figures the convention of
winter profiles having solid curves and summer
profiles having dashed curves is again adopted.
The He density profiles in Figure 4 show that
the seasonal effect dominates over the effect of
magnetic activity. There is, however, still a
significant change in He density as the magnetic
activity varies over the range discussed earlier.
There is very little difference between solar
mayimum and solar minimum as far as the peak
He densities are concerned. The main solar
cycle effect can be seen in the larger scale
height above the peak at solar maximum. This is
a consequence of the generally hotter atmosphere
at solar maximum.

The He velocity profiles in Figure 5 show
very little change with any of the parameters
we have considered. Thus the variation in He
density at the upper koundary closely reflects
the changes in the He outward flux.

The He 1limiting fluxes computed for the
standard background ionosphere are tabulated in
Table 1. It can be seen that at low magnetic
activity in wjinter during solar maximum we
predict an He escape flux as high as 1.35 x 107
em 2 s ! and as low as 0.99 x 105 cm 2 s ! in
summer at high magnetic activity during solar
mipimum. The ratios between winter and summer
He escape fluxes vary from 32 to 36 for high
magnetic activity and from 23 to 25 for low
magnetic activity. The He escape fluxes during
solar maximum are 1.5-2.0 times greater than
those for solar minimum.

I -




e e et e e e O A et 0 st AN b B

Effect of Doubling Solar EUV Flux

The solar EUV flux values used in the model
calculations from the Atmosphere Explorer satel-
lites [Hinteregger et al., 1978] were measured
near solar minimum. Ionospheric modeling studies
[Roble, 1976; Swartz and Nisbet, 1973] have
shown that in order for their theoretical
predictions to correspond to ionospheric experi-
mental observations at solar maximum, the solar
EUV fluxes should be doubled in comparison with
the solar minimum fluxes.

We have repeated our solar maximum rugps with
the solar EUV fluxes doubled, and the He escape
fluxes resulting from this model are shown in
Table 2. The He outward flux does not increase
linearly with solar EUV flux but increases by
factors varying from 1.4 to 1.8 depending on the
season and magnetic activity. The winter to
summer ratios vary from 25 to 35 as the magnetic
activity changes from low to high, that is, with
the same magnitude as for the standard cases.

Effect of Changing NmF2

A reduction in the F, peak density from
2 x10% cm 3 to 2 x 104“cm 3 in our background
ionosphere while still maintaining an H outflow
velocity at the upper boundary of 10 km s 1
resulted in the He outward fluxes shown in
Table 3. P

The relative He outward fluxes in these cases
are more complex than for other deviations from
the standard model. For high magnetic activity
the He outward flux is decreased by factors from
0.8 to 0.9 for both seasonal and solar cycle
conditions, while for low magnetic activity the
outward flux is increased by factors from 1.08
to 2.06 for the same range of seasonal and solar
cycle conditions.

Importance of Transport

The changing atmospheric and solar zenith
angle effects for the range of conditions studied
in the standarg cases (Table 1) result in the
peak of the He density profile occurring at
different altitudes. The actual peak altitudes
are summarized in Table 4. There is a wide range
of peak altitudes, varying from the lowest value
of 460 km to the highest value of 820 km.

A study of the balance of terms in the conti-
3 nuity equation confirmed the result reported by
? | RSB that the peak is determingd by competition

between He production and He transport pro-
cesses. At the peak altitudes the loss to N2
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is insignificant in all cases. This is in
contradiction to earlier suggestions [cf. Banks
and Kockarts, 1973] that at the peak density,
production and loss are essentially equal.

It is for this reason that while the He/N
density ratio at 300 km shows a variation of 3
orders of magnitude over extreme conditions of
season, solar cycle, and magnetic activity, the
variation in He outward flux over the same
conditions is only a factor of 25. At altitudes
above 300 km the loss process to N, becomes of
less and less importance, and largé changes in
N, density in response to atmospheric temperature
changes following substorms and solar cycle
changes do not have a proportionate effect on
the He outward flux.

Another featyre worth noting about the mass
transport of He is that in all of our model
calculations for the 0.5 km s ! upper boundary
outflow velocity the flow was subsonic at all
altitudes. The maximum Mach number occurred in
the altitude range 1600-1630 km and varied
between 0.55 and 0.61.

4. Summary and Discussion of Results

We have improyed the ionospheric model for
computing the He ion density, velocity, and
temperature profiles over that presented by RSB
by including the most recent values of atmo-
spheric density and composition, solar EUV
fluxes, and He photo-ionization cross sections.
In addition, we have allowed for the different
solar zenith angle effect between summer and
winter. We have aiso utilized the result found
by RSB that the He outward flux is insensitive
to perpendicular+el$ctric field strength and to
the background H -0 ionosphere, to limit our
present study to zero perpendicular electric
field and to two background ionospheric models;
one representative of the normal, high-latitude,
daytime F region and the other representative
of an ionospheric tiough.

The predicted He 1limiting escape flux shows
a variation of about 2 orders of magnitude over
the range of conditions studied, which encom-
passed extreme solar cycle, seagsonal, and
geomagnetic variations. The He escape flux
varies from a low value of 0.99 x 105 cm 2 s !
for solar minimum, summer, high magnetic activity
conditions to a maximum of 1-2 x 107 cm 2 s ! for
solar maximum, winter, low magnetic activity
conditions. The variations are due primarily
to,changes in the neutral helium density. At the
He density profile peak the loss process to NZ
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is not a significant term in the balance of the
continuity equation, and so geophysical effects
selectively changing the N2 density in the 300-
to 700-km altitude range do not have a large
effect on the He escape flux.

In comparing our theoretical values of the
He escape flux with recent experimental data
(J. H. Hoffman, private communication. 1977) we
find that good agreement is obtained between
Hoffmag's winter pole measurements of 1-2 x 107
cm 2 s"! and our winter pole predictions for
solar maximum and low magnetic activity.
Hoffman's data were taken for a range of magnetic
activities with Kp > O being the only specifi-
cation. The time frame of 1972 was during the
declining phase of a solar cycle, although there
was a minor peak in solar activity in 1972.
However, encouraging as the agreement of the
theoretical and experimental He escape fluxes
is, we feel that more work needs to be done to
extract average values of the escape flux to
smooth out day to day variations which are no
doubt influenced by day to day variations of the
high-latitude neutral atmosphere.

The summer pole measurements made by Hoffman
do not agree quite so well with the theoretical
predictions. Hoffman measures summer He escape
fluxes of about 1 x 10°% cm 2 s ! during quiet
magnetic conditions, while we predict escape
fluxes of about 6 x 10° cm 2 s ! for comparable
conditions. Our result shows a reduction of a
factor of about 20 in the He escape flux from
winter to summer, which is roughly in agreement
with the measured ratio of neutral helium density
at altitudes in the range 300-700 km between the
summer and winter hemispheres. All of our
calculations in this paper and those by RSB have
indicated that the He escape flux varies linear-
ly with the neutral He density at low altitudes.
It is possible that the remaining discrepancy
between the theoretical predictions and experi-
mental observations is due to differences in
local time between the two sets of results.

We find the exospheric temperatures computed
by the MSIS model to be generally in accord with
experimentally observed values at appropriate
combinations of solar cycle, season, and magnetic
activity for which the experimental data have
been published [cf. Kayser and Potter, 1976;
Hedin et al., 1977a). The only case in question
is for solar minimum, winter, magnetically quiet
cenditions when the model predicts exospheric
temperatures of about 500°K. However, this is
not oge of our bracketing cases for the range
of He escape fluxes in our predictions. Apart

o




from running the MSIS model atmosphere to, its
extreme limits, we feel that since the He

model incorporates the latest atmospheric,

solar flux, and photo-ionization cross sections,
the He escape fluxes predicted represent the
best values available at this time.
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Fig. 1. Profiles of He density versus altitude
for solar maximum and solar minimum, for summer
(dashed curves) and winter (solid curves), and
for high and low geomagnetic activity. These
density profiles were calculated from the MSIS
model of the neutral atmosphere [Hedin et al.,
1977a, b].

Fig. 2. Profiles of N, density versus altitude
for solar maximum and solar minimum, for summer
(dashed curves) and winter (solid curves), and
for high and low geomagnetic activity. These
density profiles were calculated from the MSIS
model of the neutral atmosphere [Hedin et al.,
1977a, bl.

Fig. 3. Profiles of the He+ production rate
versus altitude for solar maximum and solar
minimum, for summer (dashed curves) and winter
(solid curves), and for high and low geomagnetic
activity.

Fig. 4. Theoretical He+ density profiles as a
function of altitude for solar maximum and solar
minimum, for summer (dashed curves) and winter
(solid curves), and for high and low geomagnetic
activity. TFor all cases the He' outflow
velocity at the upper boundary was set equal to
0.5 km s !

Fig. 5. Theoretical Het velocity profiles as a
function of altitude for solar maximum and solar
minimum, for summer (dashed curves) and winter
(solid curves), and for high and low geomagnetic
activity.,K These Het velocity profiles correspond
to the He density profiles shown in Figure 4.




TABLE 1. Limiting He' Escape Fluxes
in Square Centimeters per Second

Geomag-

5 Solar Maximum Solar Minimum
netic
A s
. ;z;v Summer Winter Summer Winter

High 1.61(5) 5.07(6) 0.99(5) 3.54(6)

Low 5.97(5) 1.35(7) 3.02(5) 7.40(6)

TABLE 2. Limiting He+ Escape Fluxes
in Square Centimeters per Second
for Solar Maximum Conditions

Geomagnetic

Activity Summer Winter
High 2.22(5) 7.87(6)
Low 9.67(5) 2.49(7)

These escape fluxes were calculated by
doubling the solar EUV fluxes measured by
Hinteregger et al. [1977].

TABLE 3. Limiting He+ Escape Fluxes
in Square Centimeters per Second
for a Background Ionosphere With

NF,=2x10% cm 3
m 2
Geomag- Solar Maximum Solar Minimum
netic
' A;z;v- Suimer Winter Summer Winter

High 1.34(5) 4.63(6) 7.61(4) 3.19(6)

Low 6.45(5) 1.64(7) 6.21(5) 1.18(7)
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TABLE 4. Altitude in Kilometers of the He+
Peak Density

4 Solar Maximum Solar Minimum
Geomagnetic
Activity Summer Winter Summer Winter
High 820 680 640 580
Low 630 530 460 460

-80-




1400 ———

1200 -

1000 |—

800 |—

600 |—

ALTITUDE (KM)

400 —

200 —

] [ P ¢ ] inll

SOLAR B
MAXIMUM E

1400

1200

1000 Rx

800 —

600

ALTITUDE (KM)

400 —

200 —

SOLAR
MINIMUM

N
\\
HIGH LOW

el - llll 1 llll

10%
He DENSITY (cm™3)

Figure 1
“8]=




ALTITUDE (KM)

ALTITUDE (KM)

1200

0 0 a1 L R R B e e
| SOLAR
ee T~ MAXIMUM i
800
600
400
200
(@) il el it ek e sl ol sl o aadliia v
IZOOﬁIHIIIHInlnliT1]|1n|ﬁ1nl|l.1
1000 — SOLAR
L MINIMUM
BOOL
600
400
200
o 1 llll 1 llll | llll 1 llll 1 llll 1 Llll 1
103 0% 10% 108 107 108 10°

Ny DENSITY (cm™3)

Figure 2

-82-




2'00 T 1 i i I
-
ISOQ =
i SOLAR
— 1500 MAXIMUM .
e :
W 1200 |
e | B
o
= 900 |- o
=
o 4 :
< 600 |- £
300 3 \\ L)
/
£ HIGH LOW .
(@) ) gp gl s ] 1 TSR i e Peain ' t
2100 Tl T i oty i B T T
= '1
1800 k- SOLAR -
E s MINIMUM ]
Come N
S 1500 N 3
Y
Lé'l 1200 —
- | 4
L-' 900
[ P 2
= - 3
g
600 —
L =l
\‘ -
300 |- ‘) \\\ —
B HIGH LOW £
% : (@) 1 i 1 i) 1 Rkl | 1 |
| 1075 1074 1073 (o g 107" 10°

Het PRODUCTION RATE (cm™3 sec™)




ALTITUDE (KM)

ALTITUDE (KM)

2500
2250
2200
1750
1500
1250
1000
750
500
. 250

2500
2250

2000

1750
1500
1250
1000
750
500

250

He DENSITY (cm~3)

Figure 4
-84

] 1 lllllll i (il llllll] 1 ] IIIIIII i U 8T
| HIGH  LOW HIGH LOW |
a// /’//
[ (
X \ SOLAR —
\ X MAXIMUM
R \ ol
\ \
e \
\ -
)
S / ——
_’//
— e ol %
i & bl L 1 anl DML A0T N S e RTIT
1 r‘lll]T 1 ) ]|lj|ll ] lﬁil]ﬁ]ﬁ' P (DT I AR O R
| HIGH LOW HIGH LOW .
// //
v /7 -
| (
A SOLAR -
\ \ MINIMUM
L_‘\\\ \ -
N\ \\\
. ‘\\‘ \\\\ e
\ N
L \ N -
N
/]
pp— ___’/ —
1 J!lllll! 1 |JlllLlL il IlllUI bl bl
10° o' o= 103 0%

SO C T SRR T ee—




ALTITUDE (KM)

~ALTITUDE (KM)

SOLAR
MAXIMUM

750 -

500 —

250 |~

2500 T
2250 —

2000 —
1750 [—

1500 |— SOLAR

MINIMUM

1250

1000

750

500

250

He* VELOCITY (km sec™)

Figure 5
-85-




